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'LhL n p o r t  summrires research activities of 

the Loa Alamoa S c i e n t i f i c  Laboratory's  B i a r d l d  

l lueucb  Croup f o r  c r l c a d a r  p a r  1972. 

b d u d e d  i n f o m a t i o n  on orgaa.ixatioo of the group, 

maarch i n t e r e a t s  of t h e  a t a f f ,  and suppor t ing  

f s d l i t i c r  a v a i l a b l e  at the L a  Alamoa S c i e n t i f i c  

Laboratory. Although f o r  administrative purposes 

the  poup I s  - d e e d  of seven aec t ioaa ,  the tech- 

n i c a l  por t ion  of t h i s  report i r  b w e d  upon mmjor 
areas of research  and r e f l e c t 6  t h e  m l t i d i a c i p l i n a r y  

We have 

-roach t o  problem sol-, uhich i. a b u i c  hgre -  

dent  of our wear& phlhsophy. 

goal of t r a n s m i t t i n g  a maxiam of i n f o r u t i o n  i n  a 
conelee m n n e r  vith a d d u m  of t e c h n i c a l  d e t a i l .  

Work vhich baa been prrblhhed o r  s u b d t t e d  f o r  pub- 

l i c a t i o n  h u  n o t  been dup l i ca t ed  I n  t h i s  N P O ~ ~ .  

A Ilst of p u b l i c a t i o m  for 1972, vblch f o l l a r s  as an 

appeadix, allow8 the ruder t o  ccmault t h e  published 

l i t e r a t u r e  f o r  a d d i t i d  s p e c i f i c  tedrniul d e t a i l .  

.me f o r a n t  18 rtin to that of S c 1 . n ~ ~  w i t h  t h e  

vi 
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AssaxATED WEsTEm mxmIRES, INC. 

The L a  Ahnos S d c n t l f l c  h b o r a t o x y ,  ma a 

pa- i c ipmt  in the b s o c i a t e d  Weatern Wveniticcl, 
hc., OC-8 the in tended  purpoee of the U. S. 
Atomic Energy CamLi8Sio l l  of p r d d i n g  suppor t  €or 

educa t ion  and t r a i n i n g  of mdvmced s tuden t s  a r d  

f a c u l t y  p a r t i c i p a t i o n  appointees. Tbe func t ion  of 
Avu is t o  promote m d  coord ina te  o r i e n t a t i o n  and 

t r a i n i n g  an p r o j e c t s  of a r e g i o n a l  na tu re  t h a t  re- 

q u i r e  in t e r -un ive r s i ty  coopera t ion .  
u l a r l y  concerned with organ iza t ion  and n a n a g m n t  

of programs and f a c i l l t i e s  t h a t  cannot be undertaken 
with equa l  e f f e c t i v e n e s s  by a s i n g l e  i n s t i t u t i o n .  

One 8uch area of i n t e r e s t  is t h e  promotion of 

o r i e n t a t i o n  and t r a i a i n g  i n  r ecen t  and s p e c i f i c  

t r enda  in the b i o l o g i c a l  sc iences .  

UJU is par t i c -  

It is f e l t  t h a t  i nc reas ing  oppor tun i t i e s  f o r  

c o l l a b o r a t i o n  would se rve  t h e  b e s t  i n t e r e s t s  of t h e  

un ive r s i  ti-, LASL, and t h e  b i o l o g i c a l  s c i ences .  

Un ive r s i ty  personnel  b e n e f i t  by Increased  oppor- 

tuni t ies  f o r  t r a i n i n g  and teaching ,  by access t o  

unique or s p e c i a l i z e d  LASL f a c i l i t i e s ,  and by use 

of  L o s  Alamos as a focus ,  or c a t a l y s t ,  f o r  multi-  

i n s t i t u t i o n a l  coopera t ive  e f f o r t s .  Lo6 Alamoe 

b i o l o g i s t s  b e n e f i t  from g r e a t e r  contac t  wi th  univer- 

s i t y  f a c u l t i e s  and graduate  s tuden t s .  A l l  blolog- 

l e t s  p a r t i c i p a t i n g  i n  t h i s  program b e n e f i t  from 

m t u a l  c o l l a b o r a t i v e  e f f o r t s ,  c r o s s - f e r t i l i z a t i o n  

of i d e a s ,  and by sha r ing  s p e c i a l l z e d  e x p e r t i s e ,  

unique c a p a b i l i t i e s ,  and c o s t l y  equipment. 

A t r u l y  f u n c t i o n a l  r e l a t i o n s h i p  between LASL 

and o t h e r  Awu members is of g r e a t  p o t e n t i a l  value 

t o  research ,  continued p ro fes s iona l  development, 
and graduate t r a i n i n g .  

p a r t i c i p a n t s  i n  t h e  AUU-LASL biomedical research  

program f o r  1972. 

Following is a list of  

Urn Facul ty  P a r t i c i p a n t  

U. E o l l r t e i n ,  Ph.D., Uai-rri ty o f  h t r r d m n  (1956). 

Department of  Cheanbtcy, Univerriq of U u  kx lco ,  
Albaqucrque, Ncu )Icrico 

AWD Laboratory Cradmatc P a r t i c i p a n t  

A. W. Eumm, K . D . ,  OLkhop. S t a t e  Un ive r s i ty  

(1972). 

univernity, S t l l l v a t u ,  Oklahoma 

AWU Graduate Fellow - 
A. Brunsting, H.S.. U n l m r s i t y  of New Mexico (1969). 

Oepartment of Physics,  Univers i ty  of New Uexico, 

Albuquerque. N w  t k d c o  

PosmcToRAL RESEARCB PIOGRAH 

Department of &emistry, Oklahoer S t a t e  

A l i m i t e d  rider of research  u s i g n m e n t s  are 
a v a i l a b l e  f o r  young ind iv idua l s  w i th  a Ph.D. degree  

a t  the Laboratory. These LASL fe l lowsh ips  are 
w a r d e d  on a competit ive b a s i s  €or one yea r  wi th  

t h e  possibility f o r  renaval  f o r  a second year .  The 

following is a list of pos tdoc to ra l  appoin tees  who 

p a r t i c i p a t e d  i n  t h e  LILSL biomedical research  pro- 

gram dur ing  p a r t  or a l l  of 1972, wi th  t h e i r  previous 

academic a f f i l i a t i o n s  a d  major research  i n t e r e s t s .  

H. A. Crirsman, Pb.D., Pennsylvania S t a t e  Univer- 

s i t y  (1971) 

Appl ica t ion  of cytology m d  hirrtochemistry 

techniques t o  high-speed, flow-syrtern cel l  
a n a l y s i s  i n s t r u c n t a t i o n  

C. E. Wildebrand, Pb.D., Pennsylvania S t a t e  Unlver- 
sity (1970) 

Synthes is  of ce l l - f r ee  p r o t e i n  

C. P. S t m i s t e ,  Pb.D., Pennsylvania S t a t e  Univers i ty  

(1971) 

I d e n t i f i c a t i o n  of w l e c u l a r  e f f e c t s  o f  

va r ious  ionizing r a d i a t i o n s  upon c a r e f u l l y  
cha rac t e r i zed  v d e l  systems 
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--ATE Co-op S'IUDEfW 

Several penoam p.rt idp8ted in the E l ~ m t d i c r l  

l u c v c h  Group's a c t i d t i e s  during lo72 an part of 
the Laboratory's tindergraduate Co-operati= P ~ ~ T M .  
The partlcip8nta are hired u palm m d  mpend 6- 

. 

mth paZ%odS brtnm the p8rt idp8thg Udmmitp 

.nd LASL. 

Bplgrnt for e o c w s f u l  candidates from the 

be&ning of the sophamore year through graduation. 
The current p a r t i d p u ~ t s ,  Plr. H. A. lievarez urd 
Mr. E. C. M-, both utr iculated at Bighlanda 

Attempto are mde t o  conttnue periodFc 

~ O C Z O i t p  8t L U  VrgU,  R N  W C O ,  md function 
as ChQimtry techniefuu In the Imotope Applica- 
t l o m  Section of Group  E - 4 .  

. 

I' 

ix 



. 

. 

M S  ALAMOS SCIENTIFIC LABORATORY 

A r a t h e r  s p e c t a c u l a r  aerial photograph s h m s  

t h e  br idge  over Los Alamos canyon which links t h e  

major Laboratory s i tes  and : a c i l i t i e s  with t h e  Bio- 

medical Research Laboratory-Los Alamos Medical 

Center  complex and town s i t e .  To t h e  east  ( top)  of 

t h e  br idge  a r e  loca ted  t h e  a i r s t r i p  on t h e  l e f t  and 

t h e  Cl in ton  P.  Anderson Meson Physics  F a c i l i t y  

( W F )  on t h e  r i g h t  of the prominent Los Alamos 
canyon. Within t h e  area sham are r e a c t o r s ,  ac- 

c e l e r a t o r s ,  s o p h i s t i c a t e d  computing f a c i l i t i e s ,  

machine shops,  and a l l  t h e  r e l a t e d  equipment and 
technology a s s o c i a t e d  with a l a r g e ,  wel l -es tab-  

l i s h e d  labora tory  concerned with research  i n  t h e  

phys ica l  s c i e n c e s .  

' X  
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HEALTH RESEARCH LABOUTORY 

Two ae r i a l  views of t h e  Health Research Lab- 

o r a t o r y ,  which houses t h e  Biomedical Research Group 

(H-4) of t h e  Los Alamos . S c i e n t i f i c  Laboratory 's  
Heal th  Divis ion,  are shown above. The l e f t  photo- 

graph shows t h e  close proximity of t h e  Health 

Research Laboratoty t o  t h e  br idge  which spans Los 

Alamos canyon. 

cons t ruc ted  i n  1952, and t h e  s i n g l e - l e v e l  annex 

used t o  house experimental animals was added i n  

1960. Inrnediately above t h e  Heal th  Research Lab- 

o r a t o r y  i s  s h a m  t h e  84-bed Los Alacaos Medical 

The main m u l t i s t o r i e d  b u i l d i n g  w a s  

Center ,  adminis tered by t h e  Lutheran Hospi ta l  and 

Home Socie ty  of Fargo, North Dakota, which s e r v e s  

Los Alamos and surrounding communities. The close 

phys ica l  r e l a t i o n  between t h e  Los A l m s  Medical 

Center and t h e  Health Research Laboratory f o s t e r s  

t h e  exchange of ideas  and i n t e r e s t s  among respec- 

t i v e  s t a f f s .  

Health Research Laboratory and Los Alamos.Kedical 

Center  complex ant! i t s  s p a t i a l  r e l a t i o n s h i p  t o  t h e  

main c e n t r a l i z e d  Laboratory complex a c r o s s  Los 

Alamos canyon. 

Shwn i n  t h e  r i g h t  photograph i s  t h e  

h 



The upper photograph s h w s  the  Biomedical 

Research Group's sa te l l i t e  Radiat ion Exposure Faci l -  

i t y  loca ted  I n  a-remote area of t h e  Laboratory about 

10 miles from t h e  main Heal th  Research Laboratory. 
B u i l t  i n  1962. t h e  1800-square foot  f a c i l i t y  houses 

cobalt-60 sources  of 10, 100, and 1000 C i  encased 

i n  s t e e l  capsules  which can be r a i s e d  or lowered 

I n t o  a lead  s h i e l d  beneath t h e  f l o o r  from another  

b u i l d i n g  about 50 yards  m a y .  The octagonal  con- 

crete i g l o o ,  40 feet  i n  diameter  and 20 f e e t  i n  

h e i g h t ,  i s  b u r i e d  i n  t h e  s i d e  of a h i l l  and is 

a c c e s s i b l e  through a 50-foot long  tunnel ,  
of t h e  b i o l o g i c a l  e f f e c t s  of r a d i a t i o n  de l ivered  i n  

d i f f e r e n t  t o t a l  doses ,  dose rates,  o r  f r a c t i o n a t i o n s  
are conducted i n  t h i s  b u i l d i n g .  

S tudies  

The lover  photograph shows t h e  hold ing  cage 

arrangement w i t h i n  the  Radiat ion Exposure F a c i l i t y  

vhich permits  simultaneous exposure of dogs and 

monkeys t o  a wide range of cobalt-60 gamma rays.  

. 

x i  I 



LABOUATORY RESOUBCES 

c 

Although the Loa 1u.mcHI S c i e n t i f i c  Laboratoxy 

h.d it. beginning M a veapons l abora to ry  dur ing  

the Second World W a r ,  about h i l f  of the Laboratory's  

effort c u r r e n t l y  is d i r e c t e d  t w u d  b a s i c  research 
in the physic81 and b i o l o g i c i l  s c i ences .  The Lab- 
Oratory b u  some unuc~ual research t o o b  a v a i l a b l e  

to  all Laboratory pernonuel,  g raduate  s t u d e n t s ,  and 

r i d t i n g  scientists. 

LIBRARIES 

LASL malntains-a system of l i b r a r i e s  t o  meet 

8pec ia l i zed  needs of the var ious  research  groups. 

The main l i b r a r y ,  wi th  i ts  branches,  c o n s t i t u t e s  t h e  

krgest t e c h n i c a l  l i b r a r y  between t h e  H i s s i s s i p p i  

and P a c i f i c  coast. The Medical B r a n c h  Library  of 
the Heal th  Research Laboratory has  complete hold ings  

of about 750 c u r r e n t  p e r i o d i c a l s  i n  biochemistry and 

b iophys ics ,  r a d i a t i o n  b io logy ,  cel l  b io logy ,  med- 

i c i n e ,  e t c . ,  i nc lud ing  c l i n i c a l  medicine, through 

t h e  L ib ra ry ' s  a f f i l i a t i o n  vlth t h e  Los A l . m o s  Ued- 

i ca l  Center  s c d n g  t h e  comnunity. 

STABLE ISOTOPE P R W  

LASL has  unexcelled f a c i l i t l e s  f o r  t he  produc- 

t i o n  of l a r g e  q u a n t i t i e s  of h igh ly  enr iched  s t a b l e  

i so topes :  n i t ro&en- l5 ,  oxygen-17, and carbon-13. 

It is a n t i c i p a t e d  t h a t  su l fur -33  production w i l l  

beg in  i n  t h e  nea r  fu tu re .  

magnet ica l ly  a c t i v e  n u c l e i ,  they can be de tec ted  

by magnetic resonance techniques as w e l l  as by con- 

w n t i o n e l  mass spectrometry.  

chemical s t u d i e s  u t i l i z i n g  these  i so topes  and 

o rgan ic  and b i o l o g i c a l  syntheses ,  i n  conjunction 

w i t h  s o p h i s t i c a t e d  nuc lea r  magnetic resonance spec- 

traneters and o t h e r  advanced techniques of phys i ca l  

biochemistry,  is j u s t  beginning t o  gain momentum. 

RESEARCH REACTORS 

Since these  are all 

A program of bio- 

Rro research  r e a c t o r s  l oca t ed  near  t he  Health 

Research Laboratory are a v a i l a b l e  as r a d i a t i o n  

sources :  t h e  "Water Boi le r , "  a .homogenous r eac to r  

capable of opera t ion  a t  all power levels from 0 t o  
25 k i l o w a t t s ,  and t h e  &megawatt Omega West reac to r .  

ACCELERATORS 

Severa l  e l e c t r o s t a t i c  a c c e l e r a t o r s ,  inc luding  

a 23-lkv t a d e m  Van de G r u f f ,  28-Ikv e- linear 
accelerator, ad a 25-lkV cyclo t ron ,  are available 
for radiation u p c r i m e n t s .  

are electrcms, pro tone .  deuterons ,  md i l p h a .  

l inear accelerator CUI provide  very intense X-ray 
5 bean# up t o  about 2 x l0 

G r a a f f  accelerator can be w e d  t o  p rox ld t  copious 
q u a n t i t i e s  of high-energy neutrons.  

CLINTON P. -ON =SON PHYSICS FACILITY 

The par t i c l e .  a v a i l a b l e  
The 

r d e / m i n u t e .  The Van de 

A unique a c c e l e r a t o r  capable of producing an 
8OO-MeV pro ton  beam of unusual ly  high i n t e n s i t y  

(1 ma average cu r ren t )  vhich, i n  t u r n ,  w i l l  be used 

t o  produce ncge t ive  n uesona is now under construc- 

tion. A b i o m d i c a l  research  bu i ld ing  is under con- 

s t r u c t i o n  i n  the t a r g e t  area f o r  I n v e s t i g a t i n g  t h e  

t h e o r e t i c a l l y  Fromising medical app l i ca t ions  of 

t h e m  p a r t i c l e s  for  cancer  therapy. 

r ad iob io log ica l  s t u d i e s  us ing  negat ive  n mesons a r e  

in t h e  p l u m i n g  s t a g e ,  and some comparative s t u d i e s  

.nd work on cxposure system are i n  progress .  

INSTRUMENT DEVELOPMENT 

P r e c l i n i c a l  

LASL P a i n t a i n s  a l a r g e  and unusually competent 

electronics group f o r  t h e  adapta t ion  and c r e a t i o n  of 

ins t rumenta t ion  needed f o r  today's h ighly  spec ia l -  
i zed  research .  The main machine shop, foundry, 

glass f a b r i c a t i o n  u n i t ,  and branch shops c o n s t i t u t e  

one of t h e  na t ion ' s  unique experimental  f a c i l i t i e s .  

A branch shcp v i t h  fu l l - t ime machin is t s  is a v a i l -  

ab l e  wi th in  the  Health Research Laboratory.  

COMPUTER FACILITY 

- 

One of t h e  l a r g e s t  computer i n s t a l l a t i o n s  i n  

the  v o r l d ,  i nc lud ing  t h r e e  CDC 6 6 0 0 ' ~ ~  two CDC 

76OO's, and s e v e r a l  smaller machines, i s  a v a i l a b l e  

t o  a l l  Laboratory personnel  as are p rograming  and 

o the r  support  s e r v i c e s .  

11, also is a v a i l a b l e .  I n  add i t ion ,  s e v e r a l  smal le r  

c o q u t e r s ,  a PDP 8/I, and a PDP 8/E are i n  use at 

t h e  Health Research Laboratory dedica ted  t o  shared ,  
real-t ime use i n  d a t a  a c q u i s i t i o n  and process ing .  
The Health Research Laboratory also has  a MUX (Mul- 

t i p l e  gse grper iment )  t e rmina l  t h a t  communicates 
d i r e c t l y  with One of t h e  Labors tory ' s  CDC 6600 

computers. 

A s p e c i a l  computer, MANIAC 



IWTRODUCTION 

A mlgniflc.nt h i s t o r i c a l  event vhich a l t e r e d  

the course of mankind occurred on February 23, 1941, 

vhm Dr. C. T. Seaborg and co l leagues  dimcovered 

the c l c r n t  plutonium i n  room 301 of Gllman Hall at 
&rkeley .  The i s o t o p e  of -6-238 and not  t h e  -re 

familiar rum-239 w a s  f i n t  d i scovered  a t  t h a t  time; 

t h e  plutonium I s o t o p e  of mss-239 WM no t  I s o l a t e d  

u n t i l  t h e  s p r i n g  of 1941, and element 94 remained 
urmaned u n t i l  Harch of t h e  fo l lowing  year.  On 

h r c h  28, 1941, 0.5 ug of plutoni-239 was f is-  

810ned by thermal  neut rons ,  and the  enorn~ous e f f o r t  

t o  produce p l u t o n l ~ 2 3 9  in quan t i ty  f o r  m i l i t a r y  

purposes w a s  begun. 

plutonium w a s  recognized soon a f t e r  i ts  discovery 

and a v a i l a b i l i t y  i n  q u a n t i t i e s  f o r  b i ~ d i c a l  re- 

mearch. 

The p o t e n t i a l  t o x i c i t y  of  

It is worth r e c a l l i n g  t h a t  only extremely small 

q u a n t i t i e s  of t h i s  prec ious  material were a v a i l a b l e  
f o r  experimentation dur ing  the  e a r l y  1940's.  As an 
example, t he  following memorandum w r i t t e n  t o  the  

Di rec to r  of t he  Health Div is ion  of t he  Meta l lu rg ica l  

Laboratory is i n d i c a t i v e  of t he  e a r l y  concern about 

t h e  p o t e n t i a l  t o x i c i t y  of plutonium. 

states i n  p a r t :  

phys io log ica l  hazards of working v i t h  plutonium and 

its compounds may be very great. 

r a d i 8 t i o n  and long l i f e  i t  may be t h a t  t he  permanent 

l o c a t i o n  I n  t h e  body of even very s m a l l  amounts, say  
1 mil l lgram o r  less, may be very harmful. 

I n g e s t i o n  of such e x t r a o r d i n a r i l y  small amounts as 

some few tens of micrograms might be unpleasant ,  i f  

i t  locates i t s e l f  i n  a permanent pos i t i on .  

handl ing  of t h e  r e l a t i v e l y  l a r g e  amounts soon t o  

beg in  he re  and at si te Y (Los Alamos), t h e r e  are 
many conceivable methods by vhich amounts of t h i s  

o rde r  might be  taken  i n  unless  the  g r e a t e s t  care Is 

exerc ised .  

i n  handl ing  so as t o  prevent the  occurrence of such 

acc iden t s ,  I vould l i k e  t o  sugges t  t h a t  a program 

t o  t r a c e  the  course of plutonium i n  t h e  body be 

i n i t i a t e d  as soon as poss ib l e .  Ir, my opin ion ,  such 

a program should have the  very h ighes t  p r i o r i t y . "  

The memorandum 

"It has occurred t o  me t h a t  t h e  

Due t o  i ts  a lpha  

The 

In  t h e  

I n  add i t ion  t o  he1;sng set up'measures 

The vri ter of t h i s  memorurdum was D r .  Glenn T. 
Seaborg, and t h e  d a t e  w a s  January 1944. 

The biomedical r e sea rch  program a t  Lo8 Alrmos 
has evolved from its conception In 1943 as a small 

Health Group e s t a b l i s h e d  t o  p r o t e c t  t h e  h e a l t h  of 

t h e  workers,  to  develop s a f e  working procedures,  

und t o  establish tolerance l e v e l s  f o r  exposure t o  

r a d i o a c t i v i t y .  plutonium, and o t h e r  rad ionucl ides .  

I n  1944, Once s i g n i f i c a n t  amounts of plutonium 

begac t o  accumulate at Las Almos. t h e  Laboratory 

Di rec to r ,  D r .  J. Robert Oppenheiuer, at t h e  reques t  

o f '  t h e  Health Croup, au tho r i zed  t h e  temporary 

es tab l i shment  of a group of fou r  people  t o  i n i t i a t e  

a research  program designed t o  develop tests f o r  

s e t t i n g  exposure limits f o r  plutonium. Seve ra l  

months l a t e r ,  t h i s  small group was absorbed by t h e  

Health Group as a Biochemistry Sec t ion ,  and the  

Laboratory's  biomedical research  program was born. 

I n  1945, t h e  Sec t ion  moved i n t o  a small bu i ld ing  

of i ts  own, and i ts  members e s t a b l i s h e d  t h e  u r i n e  

assay  procedure f o r  d iagnos ing  exposure of Lab- 
ora to ry  personnel  t o  plutonium. Experiments were 

conducted which l ed  t o  t h e  f i r s t  success fu l  l abe l -  

i n g  of a b i o l o g i c a l l y  important compound ( n i c o t i n i c  

ac id )  v i t h  reactor-produced carbon-14. The f i r s t  

measurement of carbon-14 by s c i n t i l l a t i o n  counting 

procedures vas accomplished here  and formed the  

b a s i s  f o r  t h e  p re sen t  genera t ion  of  commercially 

a v a i l a b l e  l i q u i d  s c i n t i l l a t i o n  counting systems. 
By 1948, t h e  Health Group vas  a Div is ion  i n  

r 

t h e  Laboratory,  and t h e  Biochemistry Sec t ion  became 

Group H-4, t h e  Biomedical Research Group. In . 

Fig. 1. Makeshift bu i ld ing  used f o r  biomedical 
research  a c t i v i t i e s  dur ing  t h e  war years 
(photographed i n  1946 showing t h r e e  addi- 
t i o n s  t o  t h e  o r i g i n a l  s t r u c t u r e ) .  

. 



c 

October 1952, the group m e c d  ftoa tempor& v d e n  
structures (Fig. 1) into i t a  p r e s e n t  b u i l d i n g  and 
by the end of that d e d e  had e s t a b l i s h e d  i t m e l f  in 
both national and intcmationrt cirdsr, u m 

a t h o r i t y  OII the e f f e c t s  of radiation from nuclear 
We.pou8, Vorldddc fallout, and the phy8iology ond 
t d c o h g y  of  t r i t i r m r  m d  plutonium. 

. 
' 

The B i o m e d i c a l  Research Group pioneered in and 

be- A recognized a u t h o r i t y  on U q u i d  8 d n t i l h -  
tion counting, 8ynthesi.8 of i s o t o p i c a l l y  l a b e l e d  

organic colppomd., m e  of r d i o a e t l v l  tracers in 
bio logy  and Dcdicine, m d  vhole-body counting tech- 

niques and applicatiomm t o  bloOPdic.1 research. By 
UtiUdw the dcwlopmcnt of l . r g t - p o l r r m ~  l i q u i d  

. c i n t i l l a t i o n  d e t e c t o r s ,  t h e  group con t r ibu ted  gig- 

P i f i c m t l y  t o  t h e  f i e l d  of anthropometry through 

its u p a b i U t y  t o  measure total-body potassium by 

q W a t i t 8 t i n g  t h e  n a t u r a l  level of pot8ssium-40 dth; 

in t h e  human body. By e x p l o i t i n g  t h e  whole-body 

corrrrting systcm, designed f o r  both research animal+ 

and m n  and making use of t h e  Laboratory's  s i g n i f -  

icant computer c a p a b i l i t i e s ,  t h e  Biomedical Research 

Croup con t r ibu ted  s i g n i f i c a n t l y  t o  t h e  f i e l d  of  

r a d i a t i o n  p r o t e c t i o n  by conducting s t u d i e s  on t h e  

uptake,  d i s t r i b u t i o n ,  and exc re t ion  of rad io iso topes  

by animals and EUXI. 

k i n e t i c s  was  also app l i ed  to  t h e  e se rg ing  f i e l d  of 
n u c l e a r  medicine dur ing  t h e  l a t e  1950's. 

The i n t e r e s t  i n  m t a b o l i c  

Shor t ly  a f t e r  the discovery i n  1955 of t h e  

presence  of c e s i u p 1 3 7  in man from worldwide nuc lea r  

f a l l o u t ,  neasurements w e r e  begun on a con t ro l l ed  

popu la t ion  of s u b j e c t s  r e s i d i n g  i n  t h e  Los  Alamos 

area. These s t u d i e s  have continued t o  the  p re sen t  

t ime  and r ep resen t  perhaps t h e  most rean ingfu l  

documentation of t h e  temporal changes in man of 8 

r ad ioac t ive  material r e l eased  t o  t h e  environment. 

Beginning in t h e  e a r l y  1960's. more cmphasis 

VAS p laced  on t h e  fundamental research  l s p c c t s  of 
t h e  biomedical research  program. Although inves- 

t i g a t i o n s  continued i n  t h e  Mrmrmalian Metabolism 
and )I.nrmelian Radiobiology Sec t ions  r e l a t e d  t o  t h e  

response of h ighe r  organisms t o  i o n i z i n g  r a d i a t i o n s  
m d  rad ioac t ive  mater ia l ,  a majof emphasis va8 

d i r e c t e d  toward research  in t h e  f i e l d s  of molecular 

m d  cellular biology. 

The la te  1960's a l s a  marked t h e  start of a 

research program r e l a t e d  t o  t h e  ques t ion  of t h e  

probable b i o l o g i c a l  e f f e c t s  r e s u l t i n g  from 

notidform dame b t r i b u t i o o  of a l p h r u n i t t i n g  

p u t i c u b t o  i n  the lq.  
d i f f i c u l t  problem h u  rece ived  cons iderable  a t t e n -  

tion but  little xeso lu t ion  rince t h e  aid-r040'8. 

Thls p u t i c u l u  prpblam la o w  one of t h e  h i g h e s t  

pr ior i ty  became of t h e  +ut potential app l i ca t ion8  

of the element p l u t o n i m  u regard. breeder  reac- 
tom, space  auclea p w e r  syrtcnr ( r a d i o i r o t q i c  

themaelectric g o a t a t o r a l ,  m d i 4  a p p l i u t i o n e  

SU&.M t b e  h u r t  pacer and artificial h e a r t ,  as 
w e l l  M product ioa ,  t r a m p o r t a t i o n ,  and deployment 

of this u t e U  for r u t i d  de feme .  It is 
i n t e r e a t i n g  ha a menee t h a t  p a r t  of t h e  group i n  
nau a c t i v n l y  vorLkrg on t h e  problem vhich relates 
t o  plutonium effo- conducted  OW 20 yearn pre- 

I n t e r e s t i n g l y ,  this v e ~  

d o u r l y  a t  WL.. 
The 1970's have v i tneesed  t h e  a r g c n c e  of  

interest in the s t a b l e  I so tope  p r o g m  designed t o  

e x p l o i t  t h e  use of s t a b l e  el-nts in t h e  gene ra l  

f i e l d  of b i o m z d i u l  roearch. In 1971, an I i o t o p e  

Appl ica t ionr  Section vas formed v i t h i n  t h e  group t o  

concent ra te  on the biomedical m p e c t s  of t h e  ICONS 
(Lsotopes of-Cubon, -mgen, Nftrogen, a d  S u l f u r )  

program vh ich  Involves reveral groups within the 

Los Al .mos  S c i e n t i f i c  Laboratory.  

The Uolecular h d i o b i o l o g y  Sec t ion  i s  engaged 

in a v a r i e t y  of  organic  synthesis procedures t o  

asseuble polynucleo t ides  having known base  se- - 
quences. 

t i d e  s y n t h e s i s  are n o t  only be ing  i r o l a t e d  and  pu- 

r i f i e d  b u t  are ilso be ing  s t u d i e d  as b io func t iona l  

p ro tc ine  p a r t i c i p a t i n g  i n  i n f o m a t i o n  t r a n s f e r  resc- 
t ions .  The s t r u c t u r e ,  func t ion ,  and metabolism of 

both a c i d i c  and b a s i c  nuc lea r  p r o t e i n s ,  be l ieved  t o  
be involved in readout of  gene t i c  s p e c i f i c a t i o n s  

and thus  d i f f e r e n t i a t i o n ,  are be ing  inves t iga t ed .  

Ce r t a in  enzymes t h a t  ca t a lyze  polynucleo- 

B io log i s t s  rad biochemists i n  t h e  C e l l u l a r  

Radiobiology Sec t ion  are i n v e r t i g a t i n g  t h e  t e q o r d  

sequence of a v a r i e t y  of  c e l l u l a r  processes  i n  rela- 
t i o n  t o  s p e c i f i c  phases of  t h e  cel l  l i f e  cyc le  us ing  

synchronized c u l t u r e s  o f  mamnnlian c e l l s .  A method 
has been developed i n  t h i s  Laboratory f o r  producing 

r e l a t i v e l y  h r g e  quantities of cu l tu red  mammalian 

cells synchronized wi th  r e spec t  t o  per iod  i n  t h e  

l i f e  cyc le .  Using these c u l t u r e s ,  mechanisms con- 

t r o l l i n g  s y n t h e t i c  processes ,  energy metabolism, 

recovery from i o n f r i n g  r a d i a t i o n ,  ce l l - su r face  phe- 
nomena, and mathematical methods of c e l l  growth are 



bdw i n v e o t i y t e d .  

02u P.diobiology Sect ion llc u i n g  oynchronired 

dturu t o  examhe the oyathui., turnover ,  and 

s t r u c t u r a l  a l t e r a t l o x u  of nuc lea r  and c y t o p l u d c  

buic p r o t e i n s .  In a d d i t i o n  t o  studlu on &mal 

of d c t o o r g a u b m  upomed t o  u l t r a v i o l e t  and i d z -  
%* r u l l a t i o n r  and tbe b lochedmt ry  of b a c t e r i a l  

8.rwtic t r u u f o n m t l o n .  

d e v a l o p r n t  and i m p r o n n n t  of i n a t m a t a t i o n  f o r  

cell b lo logy  research.  In co l l abora t ion  with the 

c t l l u l u  IL.diohiology Sect ion,  e l e c t r o n i c  instru- 
ICllts have been b v e l o p e d  f o r  high-speed electronic 

cell cotmting and cell s l z l a g .  A high-mpced sorter 
h u  been invented which can phys ica l ly  separate 
living cell. in OUapcMiOn according t o  cell volllme. 

A f l u o r e s c e n t  cell spec t romater  has  been developed 

which utilize8 a h e r  t o  provldc the high intensity 

Several d e -  of the Molec- 

, 

C e l t ,  i n r u t l g a t i o r u  are in p r o g r u s  on surrrivd 

nu B i o p h y s i u  Sect ion is u l n l y  concerned with 

rmd collimation of the ll*t of u d t a t i o n  required  

t o  d e t e d n a  r ap id ly  and q o r n t l t a t i v t l y  the DNA con- 
t e n t  of individual cella of a cell populat ion.  Both 
call sewing and s o r t i n g  e f f o r t .  a n  c u r r e n t l y  being 

u t a u d e d  t o  o t h e r  o p t i c a l  . nd  rultIpar8met.r mrthode. 

The B l o p h y r i u  Sec t ion  I t 0  p r a v i d u  * n e r d  e l ec -  

tronics, rcCh.nicil euglmeering, r a d i o l o g i c a l  

physics ,  m d  -uter  science support  f o r  t h e  g~oup.  

On 1 July 1972, t h e  Pion IL.dlobiology Croup 
0 - 9 )  uaa disbanded and incorporated I n t o  the Bio-  
r a d  Research Croup (a-4) t o  conso l ida t e  t h e  

r u e a r c h  e f f o r t  on the a p p l i c a t i a ~ r  of negative u 

worm t o  r a d i a t i o n  therapy and prc therapy  radio-  

b i o l o g i c a l  ruauch. This a c t i o n  added fou r  people  

In September 1972, au A g r i c u l t u r a l  Blascicncce 
t o  8-6. 

Group (H-6) v u  formed v h l n  the Beal th  Divis ion,  

r e s u l t i n g  in t h e  1088 of one permon from t h e  Bio- 
a r d i c a l  Research Group. 



The objective of this p r o j e c t  i r  to  r tudy  pw- 
Bib le  wcinogenurFs and o t h e r  h u u d r  r e s u l t i n g  

from l o c ~ z c d  irradiation of ticlsac by highly 
r ad ioac t ive ,  insoluble mic ropa r t i c l e s  vith emphasis 

on PuOz in the lung. 

(1) =aaure=nt of t-t i nc idence  in ucperiaaitd 

a~&lo ,  and (2) development of r a themat i ca l  models. 
Our previouo umul report '  d i scussed  the prepara- 

t ion end c h a r a c t e r i z a t i o n  of t h e  ceramic ZrOZ-PuO2 

rphcrres used as r a d i a t i o n  suurces, t h e  i n j e c t i o n  

of some loo0 golden bam3ters wi th  2000 t o  20,OOO 

microspheres p e r  animal ( lung  burdens of 0.14 t o  

360 oC1) , t h e  de te rmina t ion  of d i s t r i b u t i o n  of 

spheres  w i t h i n  t h e  lung, and a few cases of mild 

b i o l o g i c a l  response.  

The program Fs t w e f o l d :  

In ca lendar  yea r  1972, progress  has been -de 

a long  several l i n e s :  (1) four  a d d i t i o n a l  dose 
levels have been i n j e c t e d ,  and observa t ions  have 

c 

continued With exposure times now approaching 

2 yea r s  i n  soue cases; (2) u l t r a s o f t  X-radiography 

has been used t o  v f s u a l l z e  s t r u c t u r e  m d  sphere  

d i s t r i b u t i o n  i n  exc ised  whole lungs ;  (3) o Monte 

Carlo s tudy  of t h e  e f f e c t  of lung s t r u c t u r e  on 

dose  distribution has begun; and (4) cons ide ra t ion  

has been given t o  t h e  use of  c o l l a t e r a l  i n s u l t s  t o  

inc rease  tumor inc idence .  

BCPERIMENTAL CONDITIONS 

Exposure of Animals 

(E. C. Anderson, C. A. Drake, L. H. Holland, J. E. 
London, J. D. Pe r r ings ,  and J. S. Wilson) 

For t h e  convenience of t h e  r eade r ,  w e  repea t  

here  t h e  p ro toco l  f o r  pre l iminary  experiments 8s 

uiven i n  l a s t  y e a r ' s  annual report '  (pp. 26-27). 

Table 1 gives t h e  plutonium content  of 10 ba tches  

of Z r 0 2  hcrospheres which have been prepared, snd 

Table  2 summarizes t h e  8 exposure l e v e l s  which were 

i n j e c t e d  last year.  These experiments were planned 

as an exp lo ra to ry  survey covering a wide dynamic 

range and usla# 60 r0W prr -up. 
range of  i n t e r e a t  is l oca t ed ,  t hose  group. vi11 b e  

axpaaded t o  W .nfrrl., .nd a d d i t l o ~ l  dose  levelr 
vi11 be interpolated. Thio hrs n o t  yet baen done, 

since the unexpectedly lar frequency and i n t e n e i t y  

of b i o l o g i c a l  response observed thus far ouggest 

that expec ta t ion  m y  be in error in t h e  assumed 

''worst dose'' m in the maximum p r o b a b i l i t y ,  or both .  

Therefore,  i t  8-d more economical to  ex tend  t h e  

range of t h e  preliminary experiment w i t h  a modest 

number of . p i a d s  m d  t o  postpone f u l l - s c a l e  c-t- 
oen t  u n t i l  more p a s i t i v e  r e s u l t s  are observed. 

i n  March 1972, one group of 150 8nimals was i n j e c t e d  

wi th  6000 epheres ,  each using Level 2 a c t i v i t y  

(0.22 pCi/sphere). 

animala i s  1.3 nCi (similar group8 using Level8 4 
and 6 spheres  p rev ious ly  had been s t a r t e d  i n  Novem- 

b e r  1971). C a p a n d  w i t h  t h e  o r i g i n a l  groups,  t h e  

2.5-fcld i n c r e a s e  in animal number and 3-fold in -  

crease i n  sphere  rider gave a t o t a l  i n c r e a s e  of 

7.5-fold i n  s c a s i t i v i t y  f o r  low-level damage. 

yhen the done 

Thus, 

The t o t a l  lung  burden f o r  t h e s e  

More 11unedi8te lung damage and h ighe r  tumor- 

inc idence  rates than  t h o s e  we  have observed have 

beeit repor ted  for o t h e r  animals exposed t o  compar- 
a b l e  t o t a l  doses  of plutonium. 

appears t o  be  that a e r o s o l s  were inha led  in t h e  

o t h e r  experiments,  thus  g iv ing  exposures t o  much 

larger numbers of smaller (and more mobile) par- 

ticles. This  would r e s u l t  i n  a more n e a r l y  uniform 

i r r a d i a t i o n  of and damage t o  a much l a r g e r  f r a c t i o n  

of t h e  lung. 
t i o n s ,  w e  have inc reased  g r e a t l y  t h e  number of 

spheres  administered us ing  our lower s p e c l f i c -  

acrlvlty spherrs. Although this action defeats  our 
o r i g i n a l  i n t e n t i o n  of keeping t h e  rider of spheres  

small enough t o  rinLmize over lapping  of r a d i a t i o n  

f i e l d s ,  i t  provides  a comparison of our test system 

wi th  those used elsewhere and w i l l  o f f e r  a d i r e c t  

comparison of l o c a l i z e d  versus  d i f f u s e  i r r a d i a t i o n  

and give a d i r e c t  i n d i c a t i o n  of t h e  i n e f f i c i e n c y  of 
concentrated sources  which should be  of va lue  i n  

s e l e c t i o n  of a d d i t i o a a l  exposure condi t ions .  Once 

The main d i f f e r e n c e  

In MI a t tempt  t o  approach t h e s e  condi- 



TABU 1. VtmvlNIBl m N T  OF WLCROSWEBES 

Equivq t diameter  J?&2 W d @ t  
%2 tm) f r a c t i o n  

m t c h  S p e c i f i c  a c t i v i t y  
1 8 0 t 0 ~  d e r  pCCi/8vhere a/min/sphcre pure 

23gh 1 2r24 0.07 0.16 0.09 4.3 x lo-4 

1.4 

24 2x27 0.42 0.92 0.16 . 2.9 

2 Zr25 0.22 0.49 0.13 

5.8 x 3 2r22  0.91 2 .o 0.21 

U 2r28  1.6 3.6 . 0.26 1.1 x lo-2 

23Sh U Zr29 2.1 1.7 0.28 4.8 

0.36 1.0 x lo-b 

U Z r 3 0  8-9  19 -5 0.46 2.0 x lo-4 
4 Zr31  4.3 9.5 

5 2r32 13.3 29.3 0.52 3.3 x 

59.4 131 0 0.86 e 1.3 6 2r33 

TABLE 2. EXPOSURE CONDITIONS H)R PRELLMINARY EWERllIENT (2000 SP?U!RES/ANIMAL, 60 ANNIHALS/GROUP) 

Poss ib l e  t m o r  

I 8 O t O W  number nCi/Animd r:te"' (rads/yr) ( rads /hr )  ( rads  /hr) (~ I I IPDIG/R~OUP)  

Local dose  rate at  
Leve 1 Ave aged dose Surface  of sphere  40 Ilm from c e n t e r  inc idencea  

239Pu 1 0.14 13  4.2 x 10 6.8 x 10-1 2 
1 

10 

4.1 x loo 40 

60 1.0 x 10 

bo 1.7 x 10 

2 2.2 x loo 2 0.44 42 1.2 x 10 

u 0.84 81 2.5 x lo2 _- 
- 

1 

1 

3 1.82 175 5.5 x lo2 
3 3 A  3.2 310 1.0 x 10 

23Bh 1 

2 

4.2 x 10 

1.3 x 10 

3 

3 

4 8.6 875 2.5 x 10 

5 26.6 2,710 8.4 x 10 

10 

0 

6 119 .o 12,100 3.6 x 10 5.8 x lo2 0 
4 

2 .Using NUS s t r u c t u r e  lung ,  p - 0.19. 

bA8sundng 1 g of  lung  i r r a d i a t e d .  

cond i t ion r  a& found which r e s u l t  i n  tuIpDr produc- 

tion, t h e  a t tempt  t o  produce e f f e c t s  with i s o l a t e d  

80urce-s vi11 be resumed. Thus, on J u l y  2 a d d i t i o n a l  

groups of 30 mimals each were i n j e c t e d  wi th  t o t a l  

lung  burdens of abou t  100 nCi. One group rece ived  

from 1,000,000 t o  2,000,000 spheres /an i&l  of 
Level 1 spheres  (0.07 pCi/sphere),  and t h e  o the r  

rece ived  200,000 spheres/onimal of Level 2A 

(0.42 pCi/sphere).  These 2 groups,  d o n g  with t h e  

o r i g i n a l  Level 6 2000-sphare/animal group, w i l l  be 

compared with t h e  observa t ion3  t h a t  0.1 P C i  lung 

burden r e s u l t e d  i n  8 s u r v i v a l  t i m e  o f  on ly  1 yea r  

wi th  rats. 

To i n v e s t i g a t e  poss ib l e  d i f f e r e n c e s  i n  fore ign-  

body response t o  p a r t i c l e s  on oppos i t e  s i d e s  of t h e  

a lveo la r - cap i l l a ry  w a l l .  ve have in t roduced  spheres  

d i r e c t l y  i n t o  t h e  a l v e o l i  t o  supplemrnt previous 

jugu la r  i n j e c t i o n s .  

pending a de termina t ion  of t h e  contamination problem 

posed by exc re t ion ;  however, i n  June  1972, 24 an i -  

mals received 57Co-labeled spheres  by i n t r a t r a c h e a l  

i n s u f f l a t i o n  t o  s t u d y  t h i s  problem. 

NO plutonium has  been used 

- 2  



Since t h e  inc idence  of lung  dimage i n  t h e  h- 
8ter h r c  80 far been lover than m t i c i p a t e d ,  a mall 
d e r  of  rats vas exposed t o  d t tc rmine  i f  t h i s  

spec ie s ,  which bas -re n a t u r a l  lung disease than  

t h e  hamster,  s h w e d  a h ighe r  inc idence  o f  r a d i a t i o n  

damnge poss ib ly  as a r e s u l t  o f  s y n e r g i s t i c  e f f e c t s .  

I n  this experiment, W rats were i n j e c t e d  with 
6OOo spheres/anha1 via tt.e j u g u l a r  m u t e  us ing  

Level 4 spheres ( s p c c i f l c  a c t i d t y  4.3 pCi/sphere).  

Thm, the l m g  burden w a s  26 nCi/.nimal. 

Dis t r ibu t ion  of  Spheres i n  t h e  Lung by Hicroradiog- 

raphy of Master Lunus 

IS.  C. Carpenter ,  L. H. Holland, J. R. Priac. m d  

R. ti. Uood (H-41, and L. E. Bryant and J. R. London 

(M-1) 1 

The de termina t ion  of d i s t r i b u t i o n  of micro- 
1 spheres wi th in  t h e  lung  was previous ly  repor ted  

(pp. 26-30). Uniformity of average concen t r a t i t n  

vas e s t a b l i s h e d  by gama-ray counting of t he  sub- 

d iv i s ions  (down t o  1 /64ths)  of a l e f t  lung. D i s -  

t r i b u t i o n  of nearest-neighbor d i s t a n c e s  w a s  shown 

to  he e s s e n t i a l l y  random by v i s u a l  measurements on 

t h i n  sec t ions .  This method is ted ious  and, because 

few spheres  can be de t ec t ed  i n  Any one s e c t i o n ,  i t  

is very d i f f i c u l t  t o  determine sphere loca t ion  i n  

r e l a t i o n  t o  major lung anatomy. An e legan t  method 

of v i s u a l i z i n g  both t h e  microspheres and lung micro- 

s t r u c t u r e  i n  exc ised  whole lung has been developed 

using u l t r a s o f t  X-radiographs. In  t h i s  procedure,  

a previous ly  i n j e c t e d  animal i s  s a c r i f i c e d  nod ex- 

sanguinated. The t r achea  is  exposed and an i n t r a -  

t r achea l  cannula f ixed  i n  p lace .  The lungs are then  

removed fron t h e  thorax ,  and t h e  specimen is en- 

c losed  i n  a p l a s t i c  bag and suspended from a r i n g  

stand. Dry helium gas is  allowed t o  flow through 

t h e  cannula at a r a t e  ad jus ted  t o  allow t h e  lungs 

t o  i n f l a t e  t o  approximately t h e i r  normal s i z e  (about 

16 l i t e r s / h o u r  or enough so t h a t  300 liters pass 

through t h e  specimen i n  18 hours).  This process 

d r i e s  and f i x e s  t h e  lung i n  an i n f l a t e d  configura- 

tion. 
atmosphere, t h e  lung o r  lobe  of choice (usua l ly  t h e  

e n t i r e  l e f t  lung) is d i s sec t ed  from t h e  specimen. 

In some cases ,  one s i d e  of t he  lung may have t o  be 

trimmed s l i g h t l y  t o  achieve a f l a t  su r f ace  f o r  

s t a b l e  pos i t i on ing .  

While continuously maintaining t h e  helium 

Kicroradiography is done by Group H-1 @on- 

d e s t r u c t i v e  T e s t i n i )  of t h e  Los Alunos S c i e n t i f i c  
Laboratory.  Lung tissue is  p laced  d i r e c t l y  on t h e  

suulsion of a Kodrl: high-reso lu t ion  spec t rographic  

p l a t e  m d  p laced  in a Luc i t e  chamber sea l ed  t o  t h e  

X-ray tube head (Pig. 1). The chamber ia evacuated 

o ld  then f i l l e d  v i t h  helium. 

tance  is 36 in. (0.91 meter), m d  t h e  exposure is 

r d e  at 15 kVp, 20 M. f o r  40 minutes. The e n t i r e  

rad iographic  procedure Is performed i n  a darkened, 

s a f e - l i g h t  e n v i r a r r e n t  as t h e  emulsion of t h e  p l a t e  

is exposed. Emulsion is on one r i d e  only t o  reduce 

unsharpness due t o  para l l ax .  Parallax and v ibra-  

t i o n  dur ing  t h e  long exposures are important f a c t o r s  

Target-to-plate d i s -  

1 

Fig. 1. Sof t  X-ray exposure system. 
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l i n i t i n g  r e so lu t ion .  

atmospheric abso rp t ion  of t h e  s o f t  X-ray beam. 

developed p l a t e  is placed on m en la rg ing  shad-- 

H e l i u m  &u is used t o  reduce 

The 

. graph and magnified up t o  200 X. Photographs of  

regions of  i n t e r e s t  are then  taken  for permanent 

rreord.  Examples are glven in Pigs. 2a and Zb, in 
uhich one can i d e n t i f y  t h e  10-~m ZrOz spheres  and 

thdr locations relative t o  both  OLacrostructure and 

u l c r o s t r u c t u r e  of t h e  lung &mays .  

If des i r ed ,  t h e  e n t i r e  radiograph can be  photo- 

gr8phed on t h e  shadowgraph, producing a montage 

visualizing t h e  complete lung. In 6dd i t ion ,  ye 

have rade  s te reoradiograph8 vhich, when photo- 

g raph ica l ly  en larged  and vicved v i t h  a stereoviewer, 
a f f o r d  a three-dimensional image of the  microspheres 

i n  s i t u .  It is p o s s i b l e  t o  ob ta in  s i m i l a r  r e s u l t s  

from t h i c k  (0.25-mm) s e c t i o n s  of paraffin-embedded 

specimens. 

12 i n . )  and lower ene rg ie s  (ca. 8 kVp) can be used 

-- 
A s h o r t e r  t a rge t - to -p la t e  d i s t a n c e  (ca.  

Fig. 2. Soft S-radiographs of  (a) lung w i t h  micro- 
spheres  (200 X ) ,  and (b) lung parenchyma 
with microspheres (50  X ) .  

in a normal air atmosphere. 

t i c u l a r l y  t h e  s h o r t e r  t a rge t - to -p la t e  d i s t ance ,  

creates more p e n d r a  and, hence, a less aharp  h g e .  

A f u r t h e r  advantage of the helirrn atmosphere 

Ibis technique. par- 

technique  is that, a f t e r  radiography, t h e  lung  can 

be i n f i l t r a t e d  vith c e l l o i d i n  and e tud ied  hfe to-  
l o g i c a l l y  vith accep tab le  p re se rva t ion  of  canf igura-  

t ion and mlctoautoPy. Because the lung ie i n f l a t e d  

t o  .II approrimation o f  its n o m 1  s i z e  and t h e  pho- 

tog raph ic  enlargement f a c t o r s  arc known, i n t e r s p h e r e  

distances can be  r e s u r e d  accu ra t e ly  either M pro- 

jectiow or, vith e t e r e o p a i r s ,  i n  three-d imens iona l  

space .  

Reten t ion  and Excre t ion  

(E. C. Anderson, P. N. Dean,  C. A. Drake, L. M. 
Bolland, J. E. London, b d  J. S. Wilson) 

We have e s t ima ted  p rev ious ly  t h e  exc re t ion  r a t e  

over the f i r s t  month's p o s t  i n j e c t i o n  t o  correspond 

t o  a b i o l o g i c a l  ha l f - t ime of about 7000 days f o r  
plutonium and about 600 days f o r  "Co. 

s t u d i e s  over an 11-month pe r iod  v i t h  57C0 now ind i -  

cate an in i t ia l  r a p i d  loss of about 5 percen t  of t h e  

a c t i v i t y  (presumably by s u r f a c e  l each ing) ,  followed 

by a s l i g h t  d e c l i n e  corresponding t o  a half-t ime 

of about 4600 days (13 y e a r s ) ,  as shown i n  F ig .  3 

(upper curve).  

percent  of i n i t i a l  57c0 a c t i v i t y  a t  1 year ,  confirm- 

i n g  t h a t  t hese  sphe res  are e s s e n t i a l l y  permanently 

trapped in t h e  c a p i l l a r y  bed. 

Reten t ion  

The animals s t i l l  r e t a i n  over 90 

00 t h e  o the r  hand, animals given 57Co-lpbeled 

spheres  by i n t r a t r a c h e a l  i n s u f f l a t i o n  show a h ighe r  

exc re t ion  fa te  (Fig. 3, lower c u n e ) ,  corresponding 

t o  a b i o l o g i c a l  ha l f - t ime of about 270 days. 
is comparable v i t h  t h e  range of ha l f - t imes  repor ted  

f o r  oxides of  plutonium and u r a n i m  i n  rats (135 t o  

I I I 

This  

- 
- 
- 

5 60- - c 

d 

50t 1 
Tlme (days) 

Fig. 3. Retention of microspheres i n  hamster lung 
fo l lowing  IV i n j e c t i o n  (upper curve) and 
I T  i n s u f f l a t i o n  (lower curve).  
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289 d q s )  Y 8 r m ~ r i z e d  by the Task Group on Lung 
4 Dynaadu. 

Dtmimetry 

[E. C. Anderson, P. N. Dem, md D. M. Xatsakis, 

W i t h  e s s e n t i a l  c o n t r i b u t i o m  from Xi .  J. Trusse l  

(C-5) m d  from Group W-21 

TO q u a n t i t a t e  overall b i o l o g i c a l  r e s p o ~ e a  in 
ttM Of ~ c h a n b a s  8t t h e  c e l l u l a r  hvel, i t  is 
d u i r a b l e  t o  know t h e  d i s t r i b u t i o n  func t ion  giving 
the nuuber of  cells vhich rece ive  a given r a d i a t i o n  

dose  as func t ion  of d i s t a n c e  from t h e  microsphere. 

&-use of h ighly  l o c a l i z e d  depos i t i on  of energy 

along m a lpha  t r a c k  and t h e  p o s s i b i l i t y  of sub- 

c e l l u l a r  targets, i t  is no t  obvious in what terms 
t h i s  "dose" should be expressed (e.g., by averaging 

t h e  energy depos i t i on  over some cr i t ical  volume o r  

by us ing  some form of h i t  theory) .  In e i t h e r  even t ,  
i t  is necessary  f i r s t  t o  know t h e  fundunental  e f f e c t  

o f  lung s t r u c t u r e  on r a d i a l  d i s t r i b u t i o n  of en- 
counters between a lpha  t r a c k s  and t i s s u e .  This  

d i s t r i b u t i o n  ve  w i l l  c a l l  t h e  " r a d i a l  i n t e r a c t i o n "  

func t ion .  Inverse-square e f f e c t s  are no t  included 

and w u l d  e n t e r  i n  the  c a l c u l a t i o n  of such dosi-  

me t r i c  concepts as t h e  p robab i l i t y  of mul t ip l e  h i t s  

t o  single t a r g e t s ,  i n t e r a c t i o n s  between h i t s  t o  

ne ighbor ing  cel ls ,  or l o c a l  dose i n  rads .  The pur- 

pose of t h e  r a d i a l  i n t e r a c t i o n  func t ion  ls t o  iso- 

late the  con t r ibu t ion  of lung geometry i n  a form 

u s e f u l  f o r  l a t e r  c a l c u l a t i o n  of "dose." Var ia t ion  

of dE/dx along the  a lpha  path is not  included i n  

t h e  p re sen t  c a l c u l a t i o n s .  

During the  p a s t  year, w e  have developed a ver- 

sa t i le  system f o r  numerical  eva lua t ion  of the  

r a d i a l  i n t e r a c t i o n  func t ion  by a Monte Carlo tech- 

nique based on a high-rcso lu t ion  pho tod ig i t i ze r  and 

a l i b r a r y  of image-processing computer programs 
developed elsewhere a t  t h e  Los A l a m o s  S c i e n t i f i c  

Laboratory. We are indebted t o  H. J.  T russe l  of 

Group C-5 ( S t a t i s t i c a l  Serv ices)  f o r  p rograming  

and t o  D. H. Janney and R. C. Bagley of Croup H-2 
(PHERMEX) for pho tod ig i t i z ing .  

The procedure is f i r s t  t o  prepare conventional 

photomicrograph negat ives  of th in-sec t ions  of lung 

t i s s u e  taken  a t  magni f ica t ions  of 50 X t o  200 X. 

This has been done us ing  both normal gray-scale 
and very high c o n t r a s t  f i lms .  

scanned by a high-speed d i g i t a l  densitometer which 

These f i lms  a r e  then 

record. 011 magnetic t a p e  t h e  optical d e n s i t i e s  of 
the aquare p i c t u r e  clcmcnts ("pixels") i n t o  vhich  

the Image i. de-osed. 

Chr & f e e t i =  is to  i d e n t i f y  parameters of t h e  

lung  which deterrdne t h e  r a d i a l  i n t e r a c t i o n  func t ion  

SO that t h i s  func t ion  can be deduced from simple 

stereological y.Lurements. 
i n t e r e s t e d  in manipulating t h e  d i g i t i z e d  images t o  

vary such parameters as d e n s i t y  and mean i n t e r c e p t  

l eng ths  i n  air d t l n s u e  i n  a cqn t ro l l ed  manner. 

This  approach a lso  has  t h e  advantage of bypassing 

t h e  problem of obUin ing  aec t ions  vhich have exac t  

p r o p e r t i e s  of t h e  i n  v i v o  lung (at so= phase of 
t h e  r e s p i r a t i o n  qe l e ) .  

t h e  d a t a  us ing  *e-processing codes permi ts  cor- 

r e c t i o n  f o r  some of t h e  e f f e c t s  of shr inkage  du r ing  

p repa ra t ion  of  t h e  lung sec t ions .  

Therefore ,  ve have been 

Computer a o d i f i c a t i o n  of 

The f i r s t  problem I n  d i g i t i z a t i o n  of a photo- 

ndcrograph of  a lung s e c t i o n  is t h a t  of f i e l d  s i z e  

and r e so lu t ion .  The former should be l a r g e  enough 

t o  be r ep resen ta t ive  (of a t  l e a s t  a l o c a l  reg ion  of 

t h e  lung p a r e n c h F )  and t o  permit te rmina t ion  of 

t h e  a lpha  t r acks  (range 40 u m  i n  t i s s u e  of u n i t  

dens i ty ) .  In a t y p i c a l  lung s e c t i o n ,  dens i ty  a f t e r  

f i xa t ion  and embedding may be 0 . 2 2  gfcm ; t h e r e f o r e ,  

t he  average a lpha  rauge is 179 Urn. Fewer than  

1 percent  o f  t h e  alpha t r acks  a r e  found t o  su rv ive  

beyond 400 vm; t he re fo re ,  an image 600 um square - 
w i l l  conta in  most of t h e  a lpha  t r acks .  I f  t h e  

poin ts  of o r i g i n  of t he  t r acks  a r e  conflned t o  the  

c e n t r a l  po r t ion  of t h e  image ( f o r  example, t o  one- 

ha l f  t h e  a r e a ) ,  then about 20 percent  of t h e  t r a c k s  

w i l l  reach the  edge of t h e  image and can be re -  

f l ec t ed .  Because of t h e  th inness  of many a l v e o l a r  

walls, a r e so lu t ion  of b e t t e r  than 1 l ~ m  i s  d e s i r -  

ab le .  Using 0 . 6  f o r  t he  s i z e  of a p i x e l  g ives  

a 10 s q u a r e  a r r ay  of 10 p l x e l s  t o  reproduce t h e  

image. With an  o r i g i n a l  photomicrograph negat ive  
a t  85 X d i a m e t e r ,  t h i s  r equ i r e s  a 50-Um square 

ape r tu re  t o  scan a 50-mm square a r e a  of t h e  neg- 
a t i v e .  A scanning time of about 20 minutes is  

requi red  t o  d i g i t i z e  and record  on magnetic t a p e  

the  o p t i c a l  dens i ty  (OD) of 1,000.000 p i x e l s .  

3 

3 6 

Because of tbe requirement f o r  f requent  and 
rap id  random access t o  any element of t he  mi l l ion-  

word a r r a y ,  i t  is necessary t o  condense the  informa- 

t i o n  so t h a t  i t  c11) be s to red  i n  t h e  c e n t r a l  memory 

of the computer. This  is accomplished b y  r ep lac ing  

5 



oach & - b i t  OD word vith a .ingle b inary  inteer 
(0 - air, 1 - t i s s u e ) ,  depending on whether or not 
the OD exceeds a riven value. 

&ere, I n t e r e s t i n g  a d  weful w d i f i c a t i o r u  of lrng 
mtructure can be a c c a q l i s h e d  by varying the OD 
cutoff. 
p a d u d  60 p e r  word into a u c h  muller a r r a y  of 17K 
W d s ,  vhich are unpacked for b i t  retrieval as 
needed. 

A. discussed  else- 

The s i a g l c  b i u  of I n f o r u t i o n  are t hen  

fbe  conderued image Is then  anslyzed by a Monte 

h r l o  program (ALFLUNC, vrittcn by 8.  J. T r u s s e l  of 

Group C-5) vhich  selects a rmdom p o i n t  of origin 
( l lml t ed  t o  tissue f o r  mt of  our d y s e s )  and 

p r o j e c t s  m a lpha -pa r t i c l e  pa th  in a random dlrec- 
t i p n .  The l eng th  of t h i s  pa th  through each p i x e l  

d c u h t e d ,  and t h e  conten ts  of t h e  p i x e l  (alr 
or tissue) are determined. A record is kept  of 
encounters  wi th  t i s s u e  u 8 func t ion  of d i s t a n c e  

frcm o r ig in .  and t h e  path is terminated a f t e r  40 u m  
in t i s s u e  ( r e f l e c t i n g  a t  t h e  edge of t h e  image, i f  

necessary) .  

f i c i e n t l y  l a rge  number of pa ths  has  bcen'scanned t o  

g ive  t h e  des i r ed  s ta t i s t ica l  accuracy. For d i s -  

t ances  t o  about 300 um, 10 pa ths  are usua l ly  ade- 

qua te ;  10 pa ths  a r e  requi red  f o r  400 urn. Running 

times on a CDC-7600 computer are about 10 and 

100 seconds, r e spec t ive ly .  

The process  is repea ted  u n t i l  a suf- 

3 
4 

/- 

The image of t h e  lung r e s u l t i n g  from s e l e c t i o n  

of a given OD cu to f f  can be recons t ruc ted  by p lo t -  

ting t h e  condensed b i t  a r r a y .  Varying t h e  cu tof f  

changes t h e  phys ica l  dens i ty  of t h e  s e c t i o n  by Fig. 5 .  Image of lung s e c t i o n  played back a t  den- 

vary ing  the  apparent th ickness  of t h e  a l v e o l a r  v a l l s .  

F igures  4 and 5 show the  images vhich are derived 

from a s i n g l e  photomicrograph with the  OD va r i ed  so 
as t o  give lung d e n s i t i e s  of 0.23 and 0.34 g/cm , 
r e spec t ive ly .  The images. of course ,  a r e  q u i t e  

slmilar, and a b e t t e r  d i sp l ay  of l oca t ion  of t he  

t i s s u e  added by the  OD change can be obtained by 

p l o t t i n g  only those  p i x e l s  whose ODs l i e  in the  

incremental  range. Figure 6 is such a p l o t  f o r  t he  

t i s s u e  added vhen t h e  apparent  lung dens i ty  was 

increased  from 0.23 t o  0.27 g/cm . 
material is r a t h e r  uniformly d i s t r i b u t e d  around t h e  

a l v e o l i  and t h a t  t he  main e f f e c t  is t o  i nc rease  

a lveo la r  v a l l  th ickness  in a r a t h e r  uniform vay. 

S i t y  0.345. 

3 

3 Note t h a t  t h i s  

An i n t e r e s t i n g  s e l e c t i o n  process occurs i n  t h e  

Pig. 4. Image of lung s e c t i o n  played back at den- 
s i t y  = 0.231. 

lung vhich r e s u l t s  in a nonrandom d i s t r i b u t i o n  O f  

those  alpha pa ths  vhich su rv ive  a t  l a rge  d i s t ances  

Fig. 6 .  Image of lung s e c t i o n  showing t i s s u e  added 
t o  inc rease  dens i ty  from 0.231 t o  0.273. 
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fra  thdr point. of origin. 
thooe rhome path. -re . d i r e c t e d  along t h e  ainrayr, 
and a collimation of dirrction result. in add i t ion  
to a nonuniform localization. This e f f e c t  is il- 
h u t r a t e d  la Figs. 7 mid 8. 
point. a d  dlrectiom of  o r i g i n  for 10,OoO alpha 
tab choeen at random b u t  vith the restriction 
that the origin lien in t i rmue rpd in the orntral 
half of the image, m o u l t i n g  in a kind  of  "auto- 

p.ph" of l m g  r t r u c t u r e .  

tiom d d i r e c t i -  o f  ID00 a lpha  tracks which 

survive from t h e  above a f t e r  t r a v e l i n g  245 lkm. The 
effect. of collimation are c l e a r l y  v i s i b l e ,  and t h e  

s t r u c t u r e s  rcrponsible can be i d e n t i f i e d  by ctmpar- 
kon of the two f igu res .  

of dpha  tradcs su rv iv ing  at a given d i s t ance  from 

t h e i r  o r i g i n  is not a good measure of  t he  inter- 
action p r o b a b i l i t y  between a lpha  tracks and tir8w. 
Alpha t r a c k s  do not pass  through a medium of con- 
s t a n t  d e m i t y ;  they begin i n  regions. of h igher  than  

merage  dens i ty  ( t h e i r  o r i g i n s  must be in t i s s u e ) ,  

m d  at l a r g e  d i s t ances  they are I n  regions of lwer 

The m M i o o r a  m 

Figure  7 8hwr t h e  

F igure  8 shwr t h e  l o a -  

Because of t h i s  s e l e c t i o n  e f f e c t ,  t h e  f r a c t i o n  

d 

Fig. 7. Poin t s  and d i r e c t i o n s  of o r i g i n  ( l imi t ed  
t o  t i s s u e  and t o  cen te r  of image) f o r  
10,000 random a lpha  t r acks .  

Fig. 8. Locations and d i r e c t i o n  of those  1000 
a lpha  p a r t i c l e s  su rv iv ing  a t  245 urn 
from t h e i r  o r i g i n s .  

th.n average -it9 ( b c u r u e  o f  selection and col- 
lintid. lhrr, tha Lbote Carlo code must evaluate 
the radial interaction function by t a b u l a t i n g  t h e  

actual rate of a w u n t e r  of t i s s u e  by a lpha  par- 

ticlu .I a f lmct lon  of distance frum origin and 

then averaging  m r  rrmy random aource p o r i t i o n s .  

A typical rcuultln6 histogram baaed on 10,000 pa ths  

ir slum in Fig. 9.  Tbe ordinate ( i . e . ,  f r a c t i o n a l  
tissue i n t e r c e p t  lengfh) i m  the fraction of o r ig -  
inal a l p h a  p U h 8  a c t u a l l y  t r a v e r r i n g  tirrue at a 

riven di8 t i r rce  f ra  t h e  80urce. 

e s  are placed  h t i r r u e ,  t h e  o r d i n a t e  va lue  is 
d t p  a t  sero di.t8nce 8nd falls r a p i d l y  at s h o r t  

dirtances (a8 -t of  t h e  ti8rue is in t h i n  a l v e o l a r  

mils) and level8 out  at a value equa l  t o  t h e  aver- 
age lung d e n s i t y  (here 0.223 g/cm ). I n s i d e  40 m, 
t h e  a lpha  range. t h e r e  c m  be no t e rmina t ions  of 
pa ths ,  and a l l  e f f e c t s  are due t o  lung  s t r u c t u r e .  

Beyond 40 m, t e rmina t ions  begin m d  t h e  shape of 

t h e  curve is t h e  r e s u l t  o f  t h r e e  f a c t o r s :  (1) l o s s  

of a lpha  t racb ;  (2) co l l ima t ion  of t h e  surv ivors ;  

and (3) l o c a l  lung s t r u c t u r e .  

Becauae all o r i -  

3 

Cells close t o  t h e  a lpha  source  undoubtedly 

w i l l  be k i l l e d  and s t e r i l i z e d  by t h e  e x t r a o r d i n a r i l y  

high dose rates. 
the  eva lua t ion  of dose at  l a r g e r  d i s t ances .  say  be- 

yond 40 pn. Therefore,  i n  what follows we w i l l  

cons ider  only t h a t  po r t ion  of t h e  curve.  We s h a l l  

a l s o  normalize t h e  v a r i a b l e s  by average d e n s i t y  of 

Thus. we are concerned only with 

a 

f' 
h 
I 

f "  
f 
L 1 

F 

a 

25 I x, I I?, I 100 I 125 1% 175 

Dktonc* l p m )  

Fig. 9 .  Histogram of the  r a d i a l  i n t e r a c t i o n  func- 
t i o n  f o r  a lpha  t r acks  i n  a lung section. 
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the 1mg sectim m d e r  i n m s t i g a t i o t l .  

d iv ided  by d r n r i t y  becars "relative pa th  i n  t i r s u e , "  

m d  a d u e  Of d t p  Corre8pOnding to t h e  p h t u u  

in lit. 9 implies that tiS8W is being t r ave r sed  

at rate euqal t o  that of rma t tmua ted  source 
a lpha  peth8 b 8 =dim Of C O U 8 t m t  8vtraple dens i ty .  

The abscissa mr1 t ip l i . d  by density YS-S t h e  

usual urs/area d i r m i o n .  Because p g f m  - g/an , 
a convenient d t  is p g h  ; d i ~ d i r r g  by dens i ty  

'LCCOIRII t h e  d i r t 8 n c e  in units of m. 

for 4 lmg Images ( t h e  firrt m d  last of vhich vere  

ohovn in Pigs. 4 and 5) obta ined  from a s i n g l e  photo- 

micrograph by va ry ing  t h e  OD c u t o f f .  

t h e  h g e ,  as i n d i c a t e d ,  ranged from 0.23 t o  0.34, 
and t h e  curves are c l e a r l y  q u i t e  d i f f e r e n t .  Fig- 

ure 11 shows t h e  same d a t a  as normalized. Note t h a t  

nmt of t h e  d i f f e r e n c e s  are e l imina ted ,  t he  maximum 
r e s i d u a l  v a r i a b i l i t y  be ing  about 2 15 percent .  

for a given r t r u c t u r a l  p a t t e r n  (i.e., f o r  a given 

d i s t r i b u t i o n  of a l v e o l a r  s i z e s  and shapes) ,  e f f e c t s  

of vary ing  a l v e o l a r  w a l l  t h i ckness ,  t o  a f i r s t  

approximation, a r e  e l imina ted  by appropr ia te  dens i ty  

normalization. The curves s h w n  in Figs. 10 and 11 

are smoothed through the  a c t u a l  computer r e s u l t s  

which, of course ,  have t h e  s t a t i s t i c a l  f l uc tua t ions  

c h a r a c t e r i s t i c  of a l l  Monte Carlo ca lcu la t ions .  

Typica l  sets of primary data a r e  shown i n  Fig. 1 2  

t o  l l ~ u s t r a t e  t h e  s t a t i s t i c a l  v a r i a t i o n s  f o r  ca l -  

cu la t ions  of 10  and 10 pa ths ,  r e spec t ive ly .  

The ordinkc 

3 3 
2 

Pigun 10 8hWs 8 f d l y  of unnomul ized  curves 

The dens i ty  of 

Thus, 

3 4 

Another important parameter of a lung s e c t i o n  

is t h e  "scale f ac to r , "  t he  r a t i o  of mean i n t e r c e p t  

length t o  alpha range. This  parameter va r i e s  con- 

Biderably dur ing  lung i n f l a t i o n  as w e l l  a s  between 

Bpecfes and, of course ,  a l s o  dur ing  the  process of 
lung removal, f i x a t i o n ,  and embedding. Therefore ,  

i t  is important t o  understand t h e  e f f e c t s  of t hese  

changes on t h e  r a d i a l  i n t e r a c t i o n  func t ion .  This 

v a r i a t i o n  can be s imula ted  e a s i l y  by changing the  

assumed magni f ica t ion  f a c t o r  f o r  t h e  d i g i t i z e d  i-ge 

uhile keeping t h e  a lpha  range and dens i ty  cons tan t .  

Results of such c a l c u l a t i o n s  f o r  a magnification 

range of about 100-fold fo r  a t y p i c a l  lung s e c t i o n  
are shovn i n  Flg. 13. The "true" magnification is 

85 x .  and the  number on each curve gives t h e  mag- 

nlfjcatlon assumed. The r ec t angu la r  d i s t r i b u t i o n s  
labr led  0 and m a r e  t h e  l i m i t i n g  func t ions  expected 

these extremes. A t  very IW magnif ica t ions ,  the  

I-- 
I O.OK, - 
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Pig. 10. Swothed  h i s t o g r a m  of radial i n t e r a c t i o n  
func t ions  for h a g  s e c t i o n s  of 4 d i f f e r e n t  
d e n s i t i e s  (derived from a s i n g l e  photomicro- 
graph). 
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Fig. 11. Curves from Fig. 10 normalized by dens i ty .  
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Fig. 1 2 .  Radial i n t e r a c t i o n  func t ions  s h y i n g  
s t a t i s t i c a l  f l u c t u a t i o n s  for  10 
p a t h s .  
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a premising function.5 It is  n o t  acchmistic bu t  

docs i r p l y  01 i n t e r e s t i n g  mixture of s t r u c t u r e  and 

ellance (the NO poes ib l e  outcome8 of  Bernou l l i  

trials corresponding t o  encounter of air or t i s s u e ) .  

Tbe n&r and i d e n t i t y  of t h e  p rope r t i -  t o  be 
determined t o  characterize t h e  lung s e c t i o n  are not  

yet estabUshed but probably Vi11 be the  par-- 

eter(8) cha rac t e r i z ing  t h e  d i 8 t r i b u t i o n  of  man 

i n t e r c e p t  lengths  i n  .it m d  i n  tissue. 
be determined e u l l y ,  of  course ,  by automatic e l e c -  

tronic or o p t i c a l  r c m n i n g  devices ,  A f a r  s impler  

tank than  tkmte C u l o  a n a l y s i s  of d i g l t i r e d  photo- 

graphs. 

These can 

2 Obtmcc bQ+m 
f ig .  13. Radial i n t e r a c t i o n  f m c t i o n s  as a func t ion  

of a c a l e  f ac to r .  Numbers on t he  curves 
i n d i c a t e  t h e  u s u u e d  o s p i f i c a t i o n  f a c t o r  
f o r  t h e  imsge. 

1-8 s t r u c t u r e  becomes ex t rePely  coarse compared 

v i t h  t h e  a lpha  range. I n  our model, a l l  a lpha  t r acks  

begin  i n  tissue SO t h a t ,  when t h e  a lveo la r  wal l s  be- 

come very t h i c k ,  t h e  a lpha  pa ths  never leave  t i s s u e  

.nd a sharp  range cu tof f  is observed a t  40 Urn d i s -  
tance  fros t h e  source.  The absc i s sa  has been nor- 

malized by mul t ip ly ing  by t h e  average dens i ty  of t he  

8ec t ion  ( i n  t h i s  case, 0.23); t he re fo re ,  t he  cu tof f  

uppeers ut 9 pg/pm . A t  very  h i g h  magni f ica t ions ,  

t h e  s t r u c t u r e  becomes f i n e  compared with t h e  a lpha  

range, m d  t h e  lung is e f f e c t i v e l y  homogeneous. 
Again, a l l  a lpha  pa ths  have rhe  same range wirh 

uniform i n t e r a c t i o n  p r o b a b i l i t y  along t h e i r  pa ths ,  

and the  sharp  cu tof f  i s  now at 40 pg/um . Preliw 

ina ry  evidence sugges ts  t h a t  lung s e c t i o n s  which 

are q u i t e  d i f f e r e n t  i n  p repa ra t ion  and appearance 

may produce t h e  same f a z i l y  of curves as  assumed 

magni f ica t ion  is var ied .  

2 

2 

The problem is ncw t o  i d e n t i f y  an appropr ia te  

mathematical express ion  t o  represent  at l e a s t  t he  

important members o f  t h i s  family of curves and t o  
relate t h e  ad jus t ab le  parameters of t h e  func t ion  t o  

e a s i l y  measured p r o p e r t i e s  of a given lung s e c t i o n .  

One could then p red ic t  t he  r a d i a l  i n t e r a c t i o n  func- 

t i o n  f o r  any given lung ( o r  modi f ica t ion  the reo f )  

v i t h o u t  t h e  complexities of d i g i t i z a t i o n  and Monte 
Carlo a n a l y s i s .  The rnathematfcal expression cwld 

.be chosen on e i t h e r  mechanistic or h e u r i s t i c  

grounds, t h e  former be ing  more revarding b u t  per- 

haps more complicated. We p resen t ly  i n c l i n e  t o  the  

view tha t  t h e  genera l ized  binomial d i s t r i b u t i o n  is 

BIOLOGICAL RESULTS 

(S. G. Carpenter.  C. A. D r a k e ,  L. M. Holland, J. E. 
London, J. R. Princ, J. S. Wilson, and R. H. Wood) 

Las t  yea r  we repor ted  on t h e  i n e r t n e s s  of Zr02 

microspheres. A t  t h a t  t i m e  only animals i n  t h e  tvo  

h ighes t  dose groups showed any b i o l o g i c a l  response 

t o  t h e  presence of t h e  spheres ,  i n  t he  form of sua11 
accumulations of macrophages i n  t h e  proximity of 

i nd iv idua l  spheres.  We continue t o  see such ac- 

cumulations of phagocytes but have n o t  observed any 

capsules of  f ib rous  connectjve t i s s u e  l i k e  those  

seen In our e a r l i e r  work v i t h  l a r g e r ,  more radio- 

a c t i v e  spheres.6 &my of t h e  animals i n  our earlier 
experimental  groups a r e  approaching t h e  end of t h e i r  
an t i c ipa t ed  l i f e  span, and ve  can expect t o  see  more 

spontaneous dea ths  i n  t h e  next fev months. 

In  January 1972, w e  i n j e c t e d  105 r a t s  [CRL:CD- 

(SD)SPF] v i t h  about 6000 microspheres of a c t i v i t y  

Level 4 .  These animals have been kept separa ted  

under b a r r i e r  conditions from o the r  rode'nts. Dur- 

i ng  the  substquent 10 months, we have s a c r i f i c e d  

4 of these  animals and have observed no pulmonary 

d isease  of any kind. There have been no sponta- 

neous deaths o r  any s igns  of c l i n i c a l  d i s e a s e  i n  
t h i s  group of animals. 

Blood s a m p l e s  taken from a l l  animals (hamsters 

and r a t s )  have not revealed any e f f e c t  upon t h e  

formed elements of b l o o d  even a f t e r  long exposure. 

E a r l i e r  i n  the  experiments,  ve  an t i c ipa t ed  t h a t  we 
might see an increas ing  lymphopenia from cons tan t  

exposure of t he  blood a s  i t  c i r c u l a t e d  through the  

lungs.  T h i s  has not been t h e  case .  In add i t ion ,  

w e  have not observed any e f f e c t s  on reg iona l  lymph 

nodes I 
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TULE 3. wnps mmc m -TIC DISEASE 

t r p o s u r e  
bi-1 Expomure dura t ion  
N d e r  = O W  <-nth81 Di-08 i 8  - 

667 Control u . 5  P m c r u t i c  urcinolpl, 
p i t h  abd&.l exten- 
elaru; no pulmoorry 
n t u t w e s  

330 &vel U 9.3 Ilrrrmglicc.ndothelia1 

696 Level 2A 11.3 Undi f f e ren t i a t ed  mar- 

cera; no lung ~ C S ~ O M  

705 Level 2A U.0 Undi f f e ren t i a t ed  sar- 

870 &vel 6 15.0 Undi f f e ren t i a t ed  sar- 
cou, r r l t i p l e  metas- 
tases, no lung lesions; 
primary not  de t emined  

l368 L e v e l 6  7.5 Pibrosarcom, abdominal 
viscera; pulmonary mt- 
rstases 

8 8 r C O M  O f  IUUg 

cog, . b d d n r l  vis- 

CQY of lung 

Thus f a r ,  5 animals from t h e  exper imcnt r l  

groups and 1 from a con t ro l  group have d ied  of 
n e o p l a s t i c  d i sease .  

priamry lung l e s ion .  

found, dose l e v e l s  involved, and du ra t ion  of t h e  

expomure i n  each case. One of t h e  prfmsry lung  le- 
s ions  was a hemangio-sarcoma (Fig. 14) i n  an  animal 

from one of t h e  love r  dose groups (Level U) w i t h  an 

exposure t i m e  of 9.5 months (287 days).  This  tunor  
replaced almost e n t i r e l y  t h e  l e f t  lung and severe ly  

compressed t h e  ad jacen t  normal lung t i s s u e .  

vas  no  evidence of metastases t o  t h e  rest of t he  

Of these ,  on ly  2 have had a 
Table 3 lists t h e  neoplasms 

There 

Fig. 11. Ilenwgio-sarcam in h i p e t e r  lmng at  
L w l  a. 

l ung  or  to m y  o t h e r  organ. 
Fig. 15. Undif fe ren t ia ted  sarcoma i n  hamster lung 

The o the r  primary lung l e s i o n  was M und i f f e r -  a t  Level 2A. 

e n t i a t e d  sarcoma (Fig. 15) i n  an animal from t h e  

8- dose group and was found a f t e r  about 1 year  

(354 days) of exposure t i m e .  
were mul t ip l e  nodule$ In  both lungs.  

were found i n  ad jacent  normal lung t i s s u e  arotmd 

each tumor s i te .  No e t a s t a t i c  lesions were found 

i n  o t h e r  organs. An aniprrl from a c o n t r o l  group 

.hawed t h e  only  case of a w e l l d i f f e r e n t i a t e d  car- 
cinoma (Fig. 16). Thio p a r t i c u l a r  tumor had orig- 
i na t ed  in t h e  pancreas v i t h  ex tens ion  t o  s e v e r a l  

o the r  organs v i t h  no pulmonary metastases. 

I n  t h i s  case, t h e r e  
Mcrospheres  

Because most of t h e  neoplasms found have been 

6arco11~ls o r i g i n a t i n g  in t h e  abdominal viscera, t h e  

ques t ion  arises as t o  whether a s i g n i f i c a n t  number 

of microspheres may have passed through t h e  l m g  
and been picked up i n  t h e  re t icu lo-endothe l ia1  Fig.  16. Pancreatic c a r c h o n a  in a con t ro l  h a m s t e r .  
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q a t a  of the U-r, spleen, etc. Counting of these ERgENm 

(for plu toni rm and 57Co rays)  .nd a lpha  radio- 
utoy&phy  of  s e l e c t e d  tissuem have bemu nega t ive  irr 

thL rewrd. 

Ore- Is&' 1. C. R. Rlchaond o d  G. L. Voelz, eds. ,  Annual 
Report o f  t h e  B io log ica l  ord Medical Research 
Cmup &-4) of tbe LASL Health Div is ion ,  
January throw Decmber 1971, Los Alpmos Sci- 
a t i f i c  Laboratory r epor t  LA-4923-PR (1972). 

mSPECT 

During the codrq y e a r ,  the primary objectives 

a e  : 

(1) To continue the sphere  Injection program 
md t o  expand i n t e r e s t i n g  exposure soups am ind i -  

c a t e d  by forthcoming r e s u l t s .  

(2) To i n v e s t i g a t e  a d d i t i o n a l  insults t o  pro- 
mote the i a d d e a c e  of lung damage. 

(3) To extend  t h e o r e t i c a l  mtudiea on e f f e c t s  
of lung s t r u c t u r e  on dose d i s t r i b u t i o n ,  e s p e c i a l l y  

on t h e  c o r r e l a t i o n  of s t r u c t u r a l  parameters a i d  the  

dose-dis t r l b u t i o n  function. 

( b )  To continue h i s t o l o g i c a l  and pa tho log ica l  

s t u d i e s  of exposed lungs. 

2. J. R. CoLcrm o d  L. J. Perez ,  Jr., Con- 
r idc ra t io r r s  of  8 Tumor P r o b a b i l i t y  k c t i o n  m d  
U i c r w D o s b e t r y  f o r  t h e  Deep Lung, P a r t  XI of 
Final Report of l a d i o l o g i c a l  Sa fe ty  S tud ie s  
for the SNAP Prqram f o r  Sa fe ty  Branch. SEPO, 

.IBGAEC, Enviroorntal Safeguards Div is ion ,  NUS 
Corporation, Roclcville, Maryland (1969) * 
r epor t  NUS-596. 

3. B. 0. S t u a r t ,  W. 1. Bair, U. J. Clarke ,  and 
E. E. H w u d ,  dcute Toxic i ty  of Inha led  
Plutonium Oxide238 and -239 i n  Rata,  
Battclle Mcoorlal I n s t i t u t e ,  M r  Force Weapons 
Laboratory technical r epor t  AEn-TR-68-49 
(1972). 

4. Task Group on t m g  Dynamics. Health Phys. 
L 12,  173-207 (1966). 

5 .  U. F e l l e r ,  A n ' b t r o d u c t i o n  t o  P r o b a b i l i t y  
Theory and I t a  Appl ica t ions ,  Vol. I, John 
Wiley and Sons, Inc . ,  New York (19%). 
pp. 104-110. .- 

(5) To s tudy  t h e  e f f e c t s  of a more uniform d i s -  
t r i b u t i o n  of r a d i a t i o n  dose t o  t h e  lung (e.g. ,  by 

use of b e t a  r a d i o a c t i v i t y  i n s t u d  of a lpha  i r r a d i a -  

t i o n ) .  

6. C. R. Richmond. 1. L&nghun, and R. S. Stone, 
B io log ica l  Response t o  Small D i sc re t e  Highly- 
Radioactive Sources. 11. Morphogenesis of 
Uicro les ions  io  Rat Lungs from In t ravenous ly  
I n j e c t e d  *39Pu@ Microspheres. Health Phys. 
18, 401-408 (1970). - 
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LoLtcmAR BADIOBIOLOCY SECTION 

I u T m w c r 1 O W  

E f f o r t 8  in wlecda r  r8dlobiology are div ided  

i n t o  three major areas, dl of which involve both  

r a d i a t i o n  s t u d i w  m d  t h e  e s s e n t i a l  f m d . a c n t r l  

inpcstigatiom t h a t  p f e l d  infotaution relative t o  

uhich radiation d a t a  b e c w  r d n g f u l .  

wema of  r w c a r c h  are d e l  DNA, g e n e t i c  inforun- 

t i o n  t r a n s f e r ,  and c h r a u i t i n  s t r u c t u r e  m d  t h e  

d t o t i c  apparatus.  

I 8  to  understand t h e  r ad iob io log ica l  acchanisms f o r  

incept ion ,  progress ,  and r e p a i r  of r a d i a t i o n  dmuge. 

Syn the t i c  work, u t i l i z i n g  procedures both  fmm 

The t h r e e  

The cbjective of these studies 

o r g m i c  chemistry m d  enzymology, h r s  supp l i ed  

o l lgo-  m d  polydeoxyribonucleotides t o  r ep len i sh  

stocks of rmch needed materials and to  provide ncv 
base sequences. 

a t i o n  chromatograms has  proved t o  be a va luab le  

procedure in all aspec t s  of t h e  p repa ra t ion  and use 
of d e l  DNA. The major requirements t h i s  yea r  f o r  

r a d i a t i o n  and t r a n s c r i p t i o n  s t u d i e s  have been homo- 

polynucleo t ides  with a v a r i e t y  of es t ab l i shed  aver- 

age o n l e c u h r  weights.  Reaction of poly d(G-T) 

v f t h  osmium t e t r o x i d e  has converted p a r t  of the  

thymine bases  t o  t h e  5,6-dihydro-5,6-dihydroxy 
s t r u c t u r e  t h a t  is  one of the  products r e s u l t i n g  

from t h e  a c t i o o  of i o n i z i n g  r a d i a t i o n  upon DNA i n  

anaerobic s o l u t i o n .  

focused on r a d i a t i o n  damage occurr ing  a t  cons tan t  

done but  v i t h  changing concent ra t ion  .of t a r g e t  

molecule in order  t o  f i n d  out t h e  mechanism of 

damage. We have some d a t a  t h a t  suggest concomitant 

d i r e c t  and i n d i r e c t  ac t ion  f o r  both base damage and 
cha in  breaks .  

Numerical a n a l y s i s  of g e l  perme- 

Primary a t t e n t i o n  has been 

This  year  i n  s t u d i e s  of e f f e c t s  of r a d i a t i o n  on 

gene t i c  information t r a n s f e r ,  w e  have continued the  

i n v e s t i g a t i o n s  on X-irradiated RNA polymerase. The 

D3, values  observed fo r  i n a c t i v a t i o n  of enzymatic 

a c t i v i t y  var ied  with d i f f e r e n t  template molecules 

used i n  t h e  assay. I n  some cases, observed in- 

a c t i v a t i o n  also was dependent upon s u b s t r a t e  con- 

cen t r a t ion .  Through a combination of experimental  

approaches i n  which we sepa ra t e ly  s tud ied  the  

e f f e c t s  of X- i r rad ia t ion  on the a b i l i t y  of RNA 

polymerase t o  bind templa tes ,  t o  i n i t i a t e  RKA 

chains ,  and t o  add onto  chains a l ready  s t a r t e d ,  w e  

1 2  

-' t o  t h e  conclus ion  th t  t h e  i n i t i a t i o n  8 t e p  i 8  

the a m t  sensitive t o  X-ir rad ia t ion .  Furthermore, 

we found t h a t  X-irradiated RNA polymerase has  a 

greater tendency t o  insert t h e  "wrong" base  i n t o  

IWA than  doe8 un i r r ad ia t ed  enzyme. 
s tudy ,  w e  have evidence that u l t r s v i o l e t  i r r d i a -  
t ion produces cwdcnt boa& between RNA polymerase 

m d  DNA; the u t i l i t y  of this r e a c t i o n  in the i 8o la -  

t ion of DNA binding  site8 t being  inves t iga t ed .  

m o t h e r  d i r e c t i o n ,  we h m  i n v e s t i g a t e d  parameters 

of  t h e  i n i t i a t i o n  of RNA 8ya thes i a  by deoxyriboeyl 

oligomers. 

p o r a t e d , i n t o  t h e  RNA chain. Presence of t h e  deoxy- 

r i b o s y l  oligomers in t h e  r eac t ion ,  by circumventing 

t h e  normally ra te - l id  t i n g  s t e p  of i n i  t i a t i o n ,  

g r e a t l y  s t imu la t e s  t h e  rate of RNA syn thes i s .  The 
amount of s t imu la t ion  is a func t ion  of  oligomer con- 

c e n t r a t i o n ,  s u b s t r a t e  concent ra t ion ,  and metal I on  

cofac to r  used. 

In mother 

In  

These oligomers are covalen t ly  incor -  

I n  the  area of chrrmatin s t r u c t u r e ,  e x p e r i w n t s  

conducted du r ing  t h e  pas t  year  have c l e a r l y  demon- 

strated t h a t  s t r u c t u r a l  a l t e r a t i o n s  of h i s tones  by 

a c e t y l a t i o n ,  methylation, and  -phosphorylation occur 

at def ined  times wi th in  t h e  c e l l  cyc le  of cu l tu red  

mamPalian cells. 

upon these  r eac t ions  i n  cu l tured  cells  show t h a t ,  

with t h e  d e c l i n e  of  DNA and h i s tone  b iosyn thes i s  

s e v e r a l  hours pos t - i r r ad ia t  ion. h i s t o n e  a c e t y l a t i o n  
and methylation cease.  R e s u l t s  of t h e s e  s t u d i e s  

support  the  hypothes is  t h a t  radiation-Induced d i v i -  

s ion  de lay  r e s u l t s  from 8 blockage of cel ls  i n  t h e  

G por t ion  of t h e i r  l i f e  cyc le .  In  order  t o  test 
t h e  hypothesis t h a t  i r r a d i a t i o n  of mammalian c e l l s  

des t roys  a component or p o t e n t i a l  f o r  d i v i s i o n ,  
s tandard  microtubule assays  have been adapted f o r  

use with cu l tured  c e l l s . ,  I n v e s t i g a t i o n s  have e s t a t -  

l i shed  the  temporal p a t t e r n  of i n t r a c e l l u l a r  micro- 

tubule  p r o t e i n  l e v e l s  i n  synchronized c u l t u r e s  of 

manunalian c e l l s .  
i n d i c a t e  t h a t  t h e  l e v e l s  of microtubule p r o t e i n  i n  

X-irradiated c e l l s  f o l l w  c l o s e l y  t h a t  of o t h e r  

func t iona l  p ro te ins .  

The e f f e c t s  of i o n i z i n g  r a d i a t i o n  

2 

Evidence has  been obtained t o  
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SyHMESIS IUSD RADIOSENSITIVITY OF lDDEL WA 

( F a  N. EaYCS, D. L- Vil l i - ,  R. L. U t l i f f ,  C. 

DeLi.1. C. T. P f i t z ,  U. B. Goad, D. E. Hoard, U. 
Bol l s t e in ,  E. L. Martinez,  V. E. H i t c h e l l ,  m d  E. C. 

Uil-th) 

C hemica1 Synthes is  of Oliaodefnyribonucleotides 

As p a r t  o f  our  cont inuing  program, h o a o o l i p  

deoxyribonucleotides of any s p e c i f i c  sire are syn- 

thes i zed  from wnonucleo t ides  and made a v a i l a b l e  

for r a d i a t i o n  s t u d i e s  and fundamental b i o l o g i c a l  

h v e s t i g a t i o n e .  

s t o c k  at lw temperature.  

h e w n  base sequence are prepared by s tepwise  chem- 

ical condensation r eac t ions2  using func t iona l  block- 

i n g  groups f o r  amino groups and f o r  5'-phosphate and 

- 03'-hydroxyl groups, where appl icable .  Pro tec ted  d i -  

nuc leo t ides  a r e  synthes ized  and are e i t h e r  chemically 

polymerized t o  ob ta in  polydimers or are used i n  t h e  

s y n t h e s i s  of trimers' o r  longer  o l igonucleo t ides .  

Chemical polymerization3 of t h e  trimers, f o l l w e d  by 

an ion  exchange chromatography, a f fo rds  poly t r imers  

in t h e  s i z e  range from hexamer t o  dodecamer i n  a d d i -  

t i o n  t o  t h e  l a r g e r  unresolved polymers. 

1 

Hmy of these  polymers are kept  i n  
Oligodeoxynucleotides of  

, 

I n  t h e  s t e p v i s e  chemical syn thes i s  of oligo- 

nuc leo t ides  of know base sequence. i f  pu r i ty  of 
base sequence is t o  be maintained, t he  i d e a l  protec- 

t i v e  group for phosphate should remain i n t a c t  dur ing  

t h e  condensatior? and i s o l a t i o n  s t eps  and should be 

removable a t  t he  des i r ed  time v i thou t  a l t e r a t i o n  of 

o the r  p a r t s  of the product s t r u c t u r e .  The widely 

used 2-cyanoethyl group4 d o e s  not =et these re- 

quirements, s i n c e  i t  is  p a r t i a l l y  lost  dur ing  t h e  

chemical condensation s t e p  and p a r t i a l l y  removed 

dur ing  subsequent hydro lys is  of t he  3'-hydroxyl- 

p r o t e c t i n g  group. When two d i f f e r e n t  nuc leo t ide  

bases a r e  used i n  prepar ing  the  i n i t i a l  dimer, t h e  

f i r s t  mentioned l o s s  may r e s u l t  i n  contamination of  

t h e  des i red  sequence and app l i e s  t o  many of the new 

p r o t e c t i v e  groups f o r  phosphate vhich have appeared 

i n  the  recent  l i t e r a t u r e .  However. i n  no case has 
t h e  degree of r e t e n t i o n  of a suggested group, under 

r cac t ion  condi t ions ,  been demonstrated d i r e c t l y .  

have evaluated'  a number of t hese  groups vhich ap- 

peared t o  have s a t i s f a c t o r y  removal condi t ions ,  t& 

gether  v i t h  a new group of our am design. Our new 

group, l,l,l-trichloro-2-methy1-2-propyl, has proven 

t o  be supe r io r ,  i n  terms of r e t e n t i o n ,  t o  a l l  those 

We 

evalua ted  under test cond i t ions  malogous  t o  t h o s e  

vhich would be used for d i e s t e r  bond formation. 

Two new p r o t e c d v e  groups for 
.which are designed fpr r a p i d  i80 lPt iOn of t h e  vcw- 

ing pro tec t ed  olig-leotide,  w i l l  a l s o  be eva l -  

uated.  The N,~~ircrhyl-E-pharylenedi .mino grou;, 

renders  t h e  p r o t e c t d  o l igonucleo t ide  melec t ivc ly  

adsorbable on AmberUte IF.-45 resin, a d  the un- 

reac ted  incoPing nucleo t ide  v i th  free phosphate can 

be washed o u t ,  t o g e t k r  wi th  anions from t h e  con- 
7 densing agent.  The f - p h e n y h r u p t o e t h y l  group 

imparts t o  t h e  p r o t e e d  o l igonuc leo t ide  product 

s u f f i c i e n t  affinity for benzoylated DUE-cellulose 

or DES-Sephadex tb.t unreac ted  mononucleotides and 

by-products v i t h  f r e e  phosphate g~oups can be e l u t e d  

f i r s t  from t h e  colurm. 

6 

2-Phenylmercaptoethyl 5'- 

thymidylate has  been prepared and p u r i f i e d  f o r  sta- 
b i l i t y  eva lua t ion  by our t e s t i n g  method. 

The extremely & s t a b i l i t y  of t h e  l,l,l- 

trichloro-2-methyl-2-propyl (trichloro---butyl) 

de r iva t ives  of nuc leo t ides ,  under t h e  condi t ions  of 

d i e s t e r  bond syn thes i s ,  is probably due i n  l a r g e  

p a r t  t o  s te r ic  hindxaice. This  c h a r a c t e r i s t i c  of 

t h e  group is also a m r e n t  i n  p repa ra t ion  of t h e  

pro tec ted  nucleotides. 

t h e  rate of app l i ca t ion  of t h e  tr ichloro-=-butyl 
group is  slow, rnJ yLelds are poor t o  f a i r  due t o  

slcie r eac t ions .  

As i l l u s t r a t e d  i n  Table 1, 

Removal o f  t h e  trichloro-=-butyl group from 

nucleo t ides  is  e f f e a e d  by reduct ion  v i t h  z inc lcopper  

couple i n  d i m e t h y l f o d d e  so lven t  a t  50" C.  Re- 

moval i s  e s s e n t i a l l y  q u a n t i t a t i v e  from t h e  mono- 

nuc leo t ides  i n  1 hour ( s e e  Table 2 ) .  Removal i s  

less near ly  quan t i t a t ive  from t h e  o3igonucleotiCes 

t e s t e d  b u t  appears to reach a maximum.  This  appar- 

e n t l y  is due t o  fonnation of a z inc  s a l t  i n so lub le  
i n  DMF, s i n c e  t h e  r e s idua l  ma te r i a l  is reduced when 

recovered and converted t o  a so lub le  t r i a l k y l -  

ammonium s a l t .  

nuc leo t ide ,  amino blocking groups such as benzoyl 

and an i soy l  are p a r t i a l l y  l o s t .  This  makes i t  nec- 
essary  t o  r eacy la t e  o l igonucleo t ides  conta in ing  t h e  

base cy tos ine  before  f u r t h e r  condensation o r  chem- 

i c a l  polymerization r eac t ions  a r e  c a r r i e d  out, s ince  

t h e  cy tos ine  amino group forms phosphoarnide l inkages 
w i t h  nuc leo t ide  phosp5ate. 

t h e  case with guan* and adenine (i .e . ,  t h e  now 

blocked amino groups a r e  not involved i n  the  above ,  

Duriag reduct ion  of a f u l l y  blocked 

This apparent ly  is  not 
0 
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d-pC%c 4.7 
3.6 
0.2 

DCC 
DCC 
rps 

14.1 
,l8.1 

0.4 

25 
26 
23 

d - p & A c  4.88 Dcc u .O 28 

Y l r l d  (XI 

28.8 
34.7 
69.6 

61.0 
56.7 

34.4 

35.6 
37.0 

40.8 

TABLE 2. REFDVAL' OF T U I C a l D R O - ~ - B l m ? L  PE05PBATE BIDCIIIJG (xoup WXTW ZRIC-COPPER COOPLE 

Nuclt o t l d e  Free nucleo t ide  Reo Id- 1 blocked Total recoveq Thl?  
vith block (XI nucleo t ide  ( X )  (XI Jhourr)  

d-PG 

d-pC 

100.0 
96.5 

100.0 

92.7 

87.1 

- 
3.5 

7.3 

6.1 

99.2 

95.5 

m.0 

- 
94.4 

1 
2 

100.0 2 (53. C) 92 e 0  0.0 

51.6 

59 e 2  

67.9 

44.5 

24.0 

22.4 

93.9 

96.7 

lOO.0 

1 
3 
6 

A l l  experlamite  were run in D W  s o l u t l o n  a t  50' C. 

TABU 3. SYNTBESIS OF PROTECTED DINUCLEOTIDES Un, TRINUUEOTIDES 

Phosphate p ro tec t ed  Amount 03'-6 h u n t  TPS Time 
. 

c-t a ( m o l e s )  nuZ'leotide (mumlea) (moles) (hourr) ?roduct - 
47 d-CBpCIBU 0.191 d-pABzOAc 0.433 0.80 3 d-CBpC PA OAc 

d-CBpT 0.123 d - e ' I B u  0.104 0.208 19 d-CBprpCiBuOiBu 67 

d-CBpCAn 1.36 d-pC (Mc 1.32 2.63 16 d-CBp?pChOAc 31 

d-CBpcA"pds" 0.198 d-pT 1.02 1.95 4 d-CBptlbpCAnpTOAc 69 

ibu Bz 

An 

CB - trichloro---butyl. a 
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type of reaction). 

yields of ol igonucleo t ihes  are r e a l i z e d  in chedic i l  

8pth-i. n a C t i O Q S .  

& i l l u s t r a t e d  i n  Table 31 p o d  t o  excellart 

During i s o h t i o n  of these 
product8 by ation exchange columa chronntography, a 
minimum of by-products  i 8  observed. 
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Enzymatic Synthes is  

Syntheses of  mixed r ibo-  and deoxyribonucleo- 
t i d e  polymers have been accomplished' us ing  te rmina l  

deoxyribonucleotidyltransferase and an oligodeoxy- 

r ibonucleo t ide  i n i t i a t o r .  

of deoxyribonucleoside t r i p h o s p h a t e  t o  ribonucleo- 

s i d e  t r iphosphate ,  the  percent  of r ibonucleo t ide  i n  

the  mixed polymrr can vary from less than 1 percent  

t o  a s  much as 38 percent  (equal  molar concent ra t ions  

Depending upon t h e  r a t i o  

of dATP .ad rGP, me Tables 1 .nd 2). 

that the  r ibonucleo t ide  occurs i n t e r n a l l y  was demon- 
8 t M t e d  by n u r u t - n c i g h b o r  ana lyses  u s i n g  a-32P- 
l abe led  deoryr iboorc lcos lde  t r i p h o s p h a t e s  and by 

s i ze  d i r t r i b u t i o n  before and after a l k a l i n e  hydrol- 

y1i8 (Tables 1 .nd 3 ) .  

mxs have been wed aa tamplatee for RNA P O l ~ r W e  

from Escher ich ia  &. 
m d  r ibonucleo t ide  are t r a n s c r i b e d ,  giving a r ibo-  

n u c l e o t i d e  polyuer  w i i h  n u c l e o t i d e  content similar 

t o  t h e  or ig ina l  h d  polymer (Table 4). 

The f a c t  

The mixed r i b  and deoxyribonucleot ide poly- 
I 

Both the deoxyribonucleot ide 

Although no attempt has been made at t h i s  time 
t o  determine i f  the DNA polymerase from c a l f  thymus 

vi11 r e p l i c a t e  t h e  r i x e d  r ibo-  and deoxyribmucleo- 

t i d e  polymers in tbe presence or absence o f  t h e  
proper  i n i t i a t o r ,  i t  vi11 b e  i n t e r e s t i n g  t o  compare 
t h e  r e s u l t s  v i t h  previous experimental  

udxed rib- m d  deozyribonucleot ide polymers should 
also have some value i n  determining condi t ions  f o r  

chain e longat ion  ( d d i  t i o n  t o  o l igonucleo t ide)  and 

r e p l i c a t i o n  of  polydeoxynucleotides by DNA polymer- 
ases from E. & .nd Micrococcus l u t e u s .  I f  cha in  

e longat ion  by t h e  dove two enzymes depends e n t i r e l y  

on t h e  f i r s t  feu nuc leo t ides  a t  t h e  3'-hydroxyl 

terminus, then t h e  r ibonucleo t ides  i n  t h e  mixed 

polymer should only e x e r t  an e f f e c t  upon c a t a l y t i c  

r e a c t i o n  i f  they .re a t  o r  n e a r  t h e  3'-hydroxyl 

terminus. I f  t h e  r ibonucleo t ides  are a t  t h e  3'- 

hydroxyl terminus and chain e longat ion  is prevented,  

then r e p l i c a t i o n  should take  preference  over  cha in  

e longat ion .  This  r i g h t  happen e s p e c i a l l y  i f  t h e  

r ibonucleo t ide  is mot complementary to  t h e  deoxy- 

r ibonucleo t ides  [e.g., d(An.rC,)'d(Tn1rCm)]. 

S tudies  on t h e  e f f e c t  of r ibonucleo t ide  conten t  i n  
t h e  nilxed polymers on t h e  above r e a c t i o n s ,  as w e l l  

as one-fold or mora r e p l i c a t i o n  of t h e  deoxyribo- 

n u c l e o t i d e s ,  can also be determined. 

The 

Addi t iona l  6Judies v i t h  d(AAT),'d(ATT), have 

been done, where tbe t r a n s c r i b e d  ribopolymer 

r(MU)n*r(AUU)n has been i s o l a t e d  a f t e r  p a n c r e a t i c  

D N a s e  d iges  t i o n  of t h e  deoxyribonucleot ide polymer. 

C i r c u l a r  dichroism s p e c t r a  of d(AAT)n*d(ATT)n and 

r(MU)n*r(AUU)n hove been determined by Dr. Donald 

Gray (Universi ty  of Texas 'at Dal las )  and compared 
with t h e i r  respec t ive  isowrs: dAn'dTn, d(AT);- 

d(AT),. r A n * r U n ,  m d  r(AU)n*r(AU)n. This  i s  the  
f irst  ins tance  where such a comparison has been 



TABLE 1. II?NWT-KEIGJiBOR ANALYSES OF d(A=.rNm)' 

Ubonucleos  i d e  Percent  of r a d i o a c t i d t v  in 
t r l p h o s p h a t  e nucleos ide  3'-phosphatca 

concentration rn rC1P KVTP 
(pmoles) *-* *-a *-* 

10 0.1 99.9 0.3 99.7 0.9 99.1 

lo3 0.2 99.8 0.9 99.1 1.0 99.0 
lo4 1.5 98.5 5.2 94.8 1.6 98.4 
lo5 U.0 87.0 37.3 62.7 4.9 95.1 

102 0.1 99.9 0.4 99.6 0.7 99.3 

%e reaction mlxtures  cont8ined t h e  fol lowing cam- 
ponents  i n  a to t81  volume of 0.2 m ~ , :  
O-32P-dATP, lo3 pmoles of  t h e  hexamer of 5'-deoxy- 
t h y n i d y l l c  a c i d ,  40 mF-f potassium cacodyla te  (pli 6.8) . 
8 % ngCl2, 1 e 2-mercaptoethanol, 200 mits ter- 
dnrl deoxyrlbonucleotidyltransferase, and from 10 
t o  ld pmoles r ibonucleos ide  t r iphosphate .  
tures were incubated a t  37°C f o r  2 h r ,  and neares t -  
neighbor ana lyses  were de ermined as previous y 

105 pmoles 

The mix- 

descr ibed  by Josse S11.j and R a t l i f f  e t  a1. 3 
TABLE 2. 

Ribonucleoside 

concent ra t ion  rcTP-a-32P r m - a - 3 2 P  rmP-a-32P 

NEAREST-NEIGHBOR ANALYSES OF d(An,rNm)a 

Percent  of r a d i o a c t i v i  t y  in 
t r i p h o s p h a t e  nucleoside 3'-phosphates 

(pmoles) *i * rUp 9 

10 0.6 99.4 0.4 99.6 2.4 97.b 

lo2 0.2 99.8 0.8 99.2 0.9 99.1 

lo3 0.2 99.8 0.9 99.1 1.3 98.7 

lo4 2.2 97.0 9.0 91.0 3.2 96.8 

lo5 15.8 84.2 38.1 61.9 1.0 93.0 

%e condi t ions  were i d e n t i c a l  t o  those  descr ibed  i n  
Table 1 except t h a t  each of t h e  r ibonucleos ide  tr i-  
phosphates was  l a b e l e d  with Q-32P. 

p o s s i b l e  using s p e c t r a  of double-strand RNA se- 
quences, and t h e  agreement between measured and 

8pproximated s p e c t r a  f o r  r(AAU)n'r(AW)n is s u r p r i s -  
i n g l y  good. 6 

The d(AAT)n'd(ATT) c i r c u l a r  dichroism spectrum n 
has provided t h e  f i r s t  independent test of the  spec- 

t r a l  procedure of Al len  et&.? for obta in ing  f i r s t -  

neighbor  f requencies .  In this first  independent 

test  of the procedure,  we found t h a t  t h e  s p e c t r a l  

m a l y s i s  does I n f e r  t h e  e x i s t e n c e  of a major i ty  of  

86 percent  d(ApA), d(TpT), d(ApT), and d(TpA) f i r s t -  

ne i gh bor s. 
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T I L E  3. SIZE DIS-ON OF d(An.rAm) BEH)RE AND 

AIXALm HYDROLYSIS ' 

h t i o  Nucleot ide k n g t h  a t  peak of  absorbance 
dAl"P/rATP (before  r l l r l l n e  ( a f t e r  a l k a l i n e  

( p o o l e s l  hydro lys is )  hydro lys is )  

l o 5  t o  1 140 
140 
140 

4 
3 

lo to 1 
lo to 1 

2 10 to 1 
10 t o  1 

lls 
62 

120 
120 
100 

20 

4 

%he r e a c t i o n  mlxture  &scribed i n  T a b l e  1 w a s  
s c a l e d  up 100-fold f o r  p r e p a r a t i o n  of d(A,,,r 1. 
A f t e r  incubat ion ,  t h e  r e a c t i o n  mlxtures  were?e- 
p r o t e i n i r e d  w i t h  Isoangl alcohol and chloroform and 
d ia lyzed  a g a i n s t  water. 
polymer was hydrolyzed V i t h  0.3 
37.C and t h e n  n e u t r a l i r r d  wi th  5 E H C l .  
at peaks of absorbance were determined f o r  both un- 
t r e a t e d  and a l k a l i n e - t r e a t e d  6lbodeoxyribocopoly- 
F r s  as previous ly  descr ibed.  

One-half o f  the i s o l a t e d  
KOH f o r  18 h r  at 

Lengths 

TABLE 4. NEAREST-NEI-OR ANALYSES OF THE RIB* 
POLYHER TRANSCRIBED FROM d(An,rN,)' 

.-32P- Rmkoact iv i ty  in r ibonucleos ide  
l a b e l e d  2'- and 3'-phosphates (%) 

7 RNA t r iphosphate  9 9 9 
-- r(Gm,rUn) rGTP 2B.5 71.5 -- 

rVTP 38.4 61.6 - -- 
r(Cm,rUn) rCTP - - 28.1 71.9 

rUTP - - 26.1 73.9 

y h e  r e a c t i o n  mixtures  contained p e r  ml: 40 p o l e s  
of Tris-HC1 b u f f e r  (pH 8 . 0 ) ,  4 Umoles MG12. 1 U- 
mole h C 1 2 ,  12 limoles Zlaercaptoe thanol ,  100 nmoles 
r ibonucleoside t r iphos$a tes ,  with each l a b e l e d  i n  
t u r n  with Q - ~ ~ P ,  0.5 A mit s  of t h e  mixed rfbo- 
deoxyribopolymer, and 38% u n i t s  of RNA polymerase. 
The reac t ion  mixtures  uere incubated at 37*C f o r  
2 h r  and were terminated by p l a c i n g  i n  b o i l i n g  
water f o r  10 mfn and dialyzed a g a i n s t  0.01 Msodium 
pyrophosphate (pH 7.0) and then d i s t i l l e d  water. 
The polymers were hydrolyzed with 0.3 KOtf at  37°C 
for 18 h r  and n e u t r a l i r e d  with 5 E H C I ,  and t h e  
mononucleotides were separa ted  by paper  electro- 
phores i s  .2 * 
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- Numer ica l  Analysis of G e l  Permea:ion Chromatoguns 

Data from gel permeation chromatography are 
be ing  used t o  d e r i v e  molecular s i z e  d i s t r i b u t i o n  pat-  

terns f o r  polydeoxyribonucleotides. Some of t h e  

k inds  of samples f o r  which s i z e  d i s t r i b u t i o n s  are 
va luable  are those  newly i s o l a t e d ,  t hose  kep t  long 

in s to rage ,  o r  those  sub jec t ed  t o  known sources  of 

darage. Huwever. g e l  permeation chromatography 

s u f f e r s  from incomplete r e so lu t ion  between f rag-  

writs of var ious  lengths .  Never the less ,  i f  one 

knows t he  e l u t i o n  p r o f i l e  tha: each of t h e  expected 

molecular spec ie s  g ives  when p r e s e n t  a lone ,  i n  

p r i n c i p l e ,  he can f i n d  t h e  supprpos i t ion  of them 

necessary t o  account f o r  t h e  observed e l u t i o n  pro- 

f i l e  of any sample of i n t e r e s t  ( t h a t  is, h e  can i n f e r  

i ts composition). 

To ca r ry  t h i s  through, two classes of d i f f i c u l -  

ties have t o  be d e a l t  wi th .  F i r s t ,  i f  one tries t o  

f ind  p rec i se ly  what sum of over lapping  con t r ibu t ions  

give a p a r t i c u l a r  p r o f i l e ,  u n c e r t a i n t i e s  and i m -  
p r ec i s ions  i n  d e f i n i t i o n  of t h e  p r o f i l e  a r e  so mag- 

n i f i e d  i n  t h e  r e s u l t  as t o  de fea t  t h e  e f f o r t .  One 

has e r r o r s  of measurement, u n c e r t a i n t i e s  Prom 
d e f i n i t i o n  of t h e  p r o f i l e  by a l imi t ed  number of 

f i n i t e  f r a c t i o n s ,  and e r r o r s  i n  d e f i n i t i o n  of e lu -  

t i o n  p r o f i l e s  of i nd iv idua l  spec ie s  present .  

t y p i c a l  composition i n f e r r e d  i n  t h i s  way c o n s i s t s  

of l a r g e  p o s i t i v e  and negat ive  numbers of ad jacent  

spec ie s .  Therefore ,  we must i n s t e a d  cons ider  t h a t  

A 

the observmd c l u t i o l  p r o f i l e  vi& i t s  as soc ia t ed  

rmcertalntice could bave been produced by a range 

of s-le coqmsltims m d  select from t h i o  range 
those  that are prob&le by phys ica l  criteria. So 

far yc LAW a p p l i d  two kin& of criteria. 
least pre judiced  is t o  opt imize  a m a n u r e  of  
s w o t h n m s  of wlealar n i g h t  d i s t r i b u t i o n  i n  t h e  

sample; this murrta  t o  umming that the process  

t h a t  -eratea the mlecular veight d i s t r i b u t i o n  i s  
continuous in the w e e  of not sh8rp ly  changing as 
between a polymer of N uniu md OTE of the nex t  

h ighe r  and lwer riders. 

selection is t o  Wt t h e  form of m l e c u l u  weight 

d i s t r i b u t i o n  t o  t h a t  generated by a s p e c i f i c  model 

of t h e  procese  generating it - breakage of t h e  

polymer a t  r8ndom pain ts  i n  t h e  case of a~ ir- 
r ad ia t ed  sample - 8 gene ra l i za t ion  of t h e  
Mchaells-Uenten process i n  t h e  case of a sample 

generated by t h e  e m ,  t e rmina l  deoxyribonucleo- 

t i d y l t r m s f e r a s e .  

The 

The second means of  

The second cl.ns of d i f f i c u l t i e s  lies i n  def ln-  

ing t h e  ind iv idua l  r l u t i o n  p r o f i l e s  of each ex- 

pected species. T h w ,  of course ,  have t o  be cal- 
i b r a t e d  by d i r e c t  q r f m e n t a l  determinations with 

homogeneous molecular samples, bu t  f o r  two reasons 

it is not f e a s i b l e  tp r e l y  e n t i r e l y  on experimental  

da ta .  I n  t h e  f i r s t  place, i t  would r equ i r e  an 

enomous amollnt oi' experimental  work; i n  t h e  sec- 

ond p l ace ,  i f  m g n i S c a t i o n  of t he  errors d iscussed  

&we is t o  be mininbzed, i t  is e s s e n t i a l  t h a t  t h e  

form of ind iv idua l  J u t i o n  p r o f i l e s  vary con- 

s i s t e n t l y  and a c c u r a e l y  from one spec ie s  t o  t h e  

next.  In  t h e  face o€ experimental  u n c e r t a i n t i e s ,  

t h i s  latter requirement i s  most r e a d i l y  net by 

understanding the  mechanisms t h a t  determine t h e  

shape of t h e  p r o f i l e  and. t he re fo re ,  how its form, 

of necess i ty ,  v a r i e s  with molecular s i t e .  

W e  have made a d e t a i l e d  ana lys i s  of coupled 

hydrodynamic and d i f 5 s i o n  processes  by which mol- 

e cu le s  a re  t ranspor ted  down t h e  column, through 

t h e  tub ing  and monitar, and i n t o  the  c o l l e c t i n g  

test tubes.  The g e l  p a r t i c l e s  a r e  s u f f i c i e n t l y  

small (-100 microns) t h a t ,  f o r  t h e  range of poly- 

mers of i n t e r e s t  here,  each molecule samples t h e  

volume access ib l e  t o  t t  s u f f i c i e n t l y  o f t en  t h a t  i t s  

d ispers ion  along the column is  Gaussian, t he  mean- 

square d i spe r s ion  be i rg  the  sum of four terms: one 

independent of molecular d i f f u s i o n ,  one dependent 
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00 the free diffuoion c o e f f i c i e n t ,  oc dependent on 
wlus .ccesslble to the mlecule within the gel 

p a r t i c k .  and its d i f f w i o n  c o e f f i c i e n t  there, .nd  

a correlation term betvecll the k t  tvo. 

polydeorprmdeot ides ,  It appear. that the 010 dlf- 

fusion c o e f f l d e n t a  are d i f f e ren t . )  In  the tub ing  

modad t o  convey t h e  sample t o  and fmoP the colum, 
the 8itutIon ir m e  c o n p l l a t e d ,  m d  tbe form of 
I t a  modi f i ca t ion  of the p r o f i l e  h u  been d i r e c t l y  

calculated by a k t e  Carlo rthod.  
calculation hM &o been cllplofed t o  dr te rmlne  

DOL of the c o e f f i c i e n t s  in c o l u m  dispersion 
(1.e.. thome t h a t  cannot be determined by -bra- 

tlon vi th experiment). 

(For 

A Monte Carlo 

f b a e  reeults are being u s e n b l e d  in to  the 

-uter code t h a t  perforum t h e  c o m p o s l t i d  

d y r i r  o u t l i n e d  &we, which h u  been in use v i t h  

i n d i v i d u a l  e l u t i o n  p r o f i l e s  aa determined earlier 
more c rude ly .  

completeness of new i n f o m a t i o n  on i n d i v i d u a l  e l u -  

t i o n  p r o f i l e s ,  gives grounds f o r  expec t ing  t h e  

emergence of a reasonably s a t i s f a c t o r y  wia lyois .  

The earlier exper ience ,  p l u s  t h e  

X-I r rad ia t ion  

I r r a d i a t i o n  s t u d i e s  have been extended t o  dTMP, 

po ly  dT, and po ly  dA t o  f a c i l i t a t e  i n t e r p r e t a t i o n  of 

d a t a  t h a t  ve have a l ready  obta ined  from poly d(A-C) 

and poly  d(C-T). Thus f a r ,  ve have c a r r i e d  out 

u l t r a v i o l e t  absorp t ion  analyses on all samples m d  

el permeation chromatography and Tm s t u d i e s  on t h e  

polymers. Cont ro l led  chemical a l t e r a t i o n  of d(C-T)ZO 

haa y i e lded  products  con ta in ing  knasn ex ten t s  of a 

type  of base  damage found a f t e r  i r r a d i a t i o n .  

We have measured the change i n  absorbance of 

= 267 w versus s o l u t e  concent ra t ion ,  at a(mer) 
Co, at a cons tan t  25 kracla of X- i r rad ia t ion .  The 

range of C w a s  18 t o  loo00 e. The concent ra t ion  
of d l "  t h a t  had lost  i ts  chromophore, C , vas found 

t o  i n c r e a s e  r ap id ly  from ze ro  across the  lwest 
values of Co and then  t o  assume 8 g r a d d  l i n e a r  

increase. The l i n e a r  po r t ion  extended between C 

v i l u e s  of 400 t o  loo0 e. The r ap id  change of C 

f o r  Co values less than  400 

ezpected l w e r i n g  of t h e  r a d i c a l  concent ra t ion  by 
1 recombination at very lw s o l u t e  concent ra t ions .  

An equat ion  t h a t  is t h e  leas t - squares  f i t  t o  a l l  t h e  
exper imenta l  p o i n t s  is: 

c - 0.0296 Co i 35.3 [l - exp(4 .0175 c0)J. (Eq. 1)  

* 

2 

is in accord vith an 

* 

. It i. Dmpming that this aquation contain8 a l i n e a r  
term i.latipg C 

don. faactivation had occurred  e n t i r e l y  through in- 

constant at high value. o f  C0.' One v.y t o  inter- 
p n t  the r e s u l t s  is that t h e  linear term in Eq. 1 is 
concerned vfth direct action a d  that the crpooen- 
ti.l term coven m i q u e l y  t h a t  part of the inactira- 
t lon caused by Indirect action. 
values for C r0.e s l w l y  through Co values of 400 
t o  loo0 e; t h e  average d u e  of C in that range 

* 
mid Co; i f ,  accord ing  t o  expecta- 

* 
. d l r r c t  action. the d u e  of C should have become 

The u l c u h t e d  

VU) 2.26. 

Gel p e m e a t i o n  c h r a t o g r r r ,  have been obta ined  

for .nrioum size  d i s t r i b u t i o r u  of s y n t h e t i c  poly- 

deoxyr lbmucleot ides  both be fo re  and after X- 

i r r a d i a t i o n .  

sequences: 

d(C-T). 
t i o n  of t h e  computer program descr ibed  a b w e .  

l iminary  d y s i s ,  as expected through 8 t r m d  break- 

age, no t  only s h w s  t h a t  X- i r rad ia t ion  l e saens  t h e  

a r i t hme t i c  nean of a size  d i s t r i b u t i o n  and does 

t h i s  ewewhat I n  propor t ion  t o  t h e  dose' bu t  that 

at constant dose,  q u i t e  i n t e r e s t i n g l y .  t h e  e f f e c t  

continues,  w i t h  almost i d e n t i c a l  degree  of breakage, 

even up t o  polymer concent ra t ions  of 6ooo mono-@. 

This  dependence is q u i t e  d i f f e r e n t  from vhat vas 

observed i n  radiation-induced loss of chromophore 
Incur red  by dTMP. Therefore,  as concluded e rc lu -  

r i v e l y  from t h e  test of concentration dependence, 
s t r a n d  breakage in s o l u t i o n  l a r g e l y  r e s u l t s  from 

t h e  d i r e c t  e f f e c t .  Pur ther  e l u c i d a t i o n  of t h i s  

argument w i l l  be most va luab le  t w a r d  increased  

understanding of t he  e f f e c t  of i o n i z i n g  r a d i a t i o n  

upon nuc le i c  ac ids .  

T h u e  model DNAs h e  the f o l l w i n g  

poly dA, poly  dT, poly d(A<), and poly 

F i n a l  analyses of t h e  data W a l t  comple- 

Pre- 

- 

One i d e n t i f i e d  major product of r ad ia t ion -  

induced hydroxyl r a d i c a l  a t t a c k  upon t h e  thymine 

r i n g  i n  DNA under anaerobic condi t ions  is t h e  5,6- 

dihydr+5,64ihydroxy de.rivative .' 
osmium t e t roxide '  in n e u t r a l  phosphate b u f f e r  at 
37' C, we have converted d(GT)20 t o  products t h a t  

are i d e n t i c a l l y  hydroxylated,  d(G-T*)20, and i n  

which varying percentages of t h e  thymine bases  have 

been a l t e r ed .  G e l  pelmeation chromatography s h w e d  
t h a t  very l i t t l e  i f  any s t r a n d  breakage occurred. 

It is known t h a t  t h e  guanine r i n g  is not a t tacked  

by osmium t e t r ~ x i d e . ~  The products were analyzed 

f o r  both u l t r a v i o l e t  &sorp t ion  and phosphorus con- 

t e n t  from which were ca lcu la t ed  c (p)  va lues ;  t hese  

By use of 
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=re h e r  tbm the E(p) of d(G-T)ZO, i n d i c a t i n g  

that the 
One s a p l a  van s t u d i e d  In detail; it ccart8iaed only 

-rage of 6 m a l t e r e d  thydnea ou t  of the o r i s  

c h m o p h o r e  VI. p u t i d l y  d u t r o y e d .  

ha1  20, aa aham from its E(p). 

ins C\P'IIL vhose Tm (40. C) vas 26 degrees lower thaa 

that from t h e  origlnal d(GT)20. 
va luable  data p o i n t  in e s t a b l i s h i n g  a p r a c t i c a l  

exp lana t ion  for Tm v i lues  from X-i r rad ia ted  poly- 

deoxyribonucleotides.  

A mixture with 

d(A-C)ZoO Ill 0.02 1 N8+ b u f f e r  (pH 7.0) 0.Vc 8 rclt- 

This proved t o  be  

Tvo nthemtical approaches have been used f o r  

one l e  m empirical pod- explml&tion of T, v&lucs. 

i f i cc r t ion  of an e a r ~ e r  empirid equation' r ah t ing  
Tm t o  u n l r r a d i a t e d  s t r and  l eng th  

T1 A - B h  

t o  @ve t h e  nev Eq. 3 

Tm A - (1 + k8) Bjn, (Eq. 3) ' 

vhere n is t h e  mean s t r a n d  length  from gel  perme&tion 

chromatography, a is t h e  number of bases  p e r  s t r a n d  

t h a t  have been a l t e r e d  t o  W e  them i n e f f e c t i v e  to- 

vard  s t a b i l i z a t i o n  of double-stranded a s soc ia t ion ,  

and A, 8 ,  and k are constants t h a t  are eva lua ted  by 

mel t ing  s u i t a b l e  r tu rda rds .  The o t h e r  approach vas 

t o  d e r i v e  thermodynamically an  average molecular 

s t r u c t u r e  f o r  which vould be ca l cu la t ed ,  from summed 

free energy va lues ,  a T m 
Tm.7 There is too l i t t l e  evidence ye t  t o  s h w  

vhe the r  t h i s  second approach vi11 be f e a s i b l e .  

Using Eq. 3, vhose cons t an t s  vere e s t a b l i s h e d  by 

P e l t i n g  d a t a  from un i r r ad ia t ed  samples of var ious  

m a n  lengths  urd a l s o  t h e  d(G-T )20 mentioned above, 

ve have been a b l e  t o  compare base damage i n  poly 

d(G-T) wi th  t h a t  in poly d(A-C). 

t o  be 1.54, wi th  poly d(G-T) s u s t a i n i n g  more damage. 

The e a r l y  vork by Hems 

four  bases  i n  DNA. 

t h e  r a t i o  of t h i s  t o  t h e  sum of A and C gives  1.59. 

A t  50 krads ,  ve ca lcu la t ed  t h a t  19 percent  of t h e  

bases in poly d(G-T) e i t h e r  had been a l t e r e d  o r  had 

been e l imina ted  without concurren t  s t r a n d  breakage. 
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RMIATION AND c;ENETIC INFORMATION TRANSFER 

(D. A. S m i t h ,  P. N. Hayes, A. M. Martinez,  V. E. 

H i t c h e l l ,  R. L. R a t l i f f ,  and G. P. S t m i s t e )  

Repl ica t ion  

We have w e d  c a l f  thymus DNA polymerase t o  pre- 

pare s y n t h e t i c  po lynucleo t ides  .lS2 

have been used i n  s e v e r a l  k inds  of s t u d i e s  inc luding ,  

f o r  example, i nves t iga t ions  i n t o  the  phys ica l  and 

The l ack  of nuc lease  a c t i v i t y  a s soc ia t ed  vi th c a l f  

thymus DNA polymerase and t h e  s t r i c t l y  r e p a i r  rep- 

l i c a t i o n  proper ty  of i t s  c a t a l y t i c  a c t i v i t y  make i t  

i d e a l  f o r  prepara t ion  of model double-stranded DNAs. 

Eowver ,  t he  l a b i l i t y  of t h i s  enzyme in s to rage  and 

t h e  cons iderable  expense, t i m e ,  and e f f o r t  e n t a i l e d  

i n  its pur i f i ca t ion -have  caused us t o  look a t  DNA 

polymerases from o the r  sources  as p o s s i b l e  replace- 

orents f o r  c a l f  thymus DNA polymerase. W e  have re -  

cen t ly  made h ighly  p u r i f i e d  p repa ra t ions  of DNA 

polymerase from ~ c r o c o c c u s  lu t eus .  The a b i l i t y  of 

t h i s  enzyme t o  perform accura t e  r e p a i r  r e p l i c a t i o n  

has  been demonstrated i n  pre l iminary  s t u d i e s  ( see  

Table 1). Accurate r e p a i r  r e p l i c a t i o n  of poly dT 
i n  t h e  presence of a d A 5  i n i t i a t o r  took p l ace  a t  

Such polymers 

template p rope r t i e s  of polydeoxyribonucleotides. 3s4 
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TABLE 1. -AIR REPLICATION OF POLY 6' B- 

E w e r i u n t  1 

9 8  88 ' 91 

&eri.ent 2 

I96 176 

&eriPcnt 3 

9 8  0 

90 

0 

. po ly  dT v h mrage length  of 208 v u  incubated 
v l t h  dhTP-f6C and c a l f  thymus mA polymerase. In 
experiments 1 and 2, a i n i t i a t o r  &so v u  
inc luded  in t h e  r e a c t i o n  A t u r e .  Po vm 
inc luded  In e x p e r b e n t  3. 

9' C aad 0.15 W X C l .  A t  h ighe r  t q e r a t u r e s  and 

lover K C l  concent ra t iono ,  "over-replication" vaa 

usually observed. 

perform a c c u r a t e  r e p a i r  r e p l i c a t i o n  of wre conpli-  

u t e d  t anp la t ea  is now under inves t iga t ion .  

The a b i l i t y  of t h e  enzyme t o  

In a d d i t i o n ,  ve are s tudying  some o t h e r  prop- 

A n i t r o c e l l u -  erties of  !. l u t e u s  DNA polyrperaee. 

lose r u b r a n e  assay  f o r  complex formation between 

t h e  enzyme and DNA has bees developed. 

of t h e  enzyme t o  bind d(A-T)n-d(A-T)n, as vel1 .II 
t h e  in f luence  of i o n i c  r t r e n g t h  upon t h e  .mount of 

polymer bound, has  been measured. 

r eac t ion  is very sensitive t o  i o n i c  a t r eng th  v i t h  

t h e  amount of d(A-T),,'d(A-T), bound decreased by 

50 percen t  as t h e  K C 1  concen t r a t ion  In t h e  b inding  

b u f f e r  i s  r a i s e d  from 0.05 t o  0.3 E. 
i n i t i a t e d  s t u d i e s  on t h e  role of su l fhydry l  groups 

in binding  and c a t a l y t i c  a c t i v i t i e s  of E. l u t e u s  DNA 
polymerase. 

su l fhydry l  reagents  do n o t  i n h i b i t  b inding  o r  activ- 
i t y .  These reagents  i nc lude  ~-chloromercur ibenzoate  

and @thylmaleimide. 

o r p i c  realpents such 88 H g C 1 2 ,  which react v i t h  

ru lhydry l  groups,  do  I n h i b i t  c a t a l y t i c  a c t i v l t y  Of 

t h e  enzyme b u t  not Its a b i l i t y  t o  bind polydeoxy- 
r ibonuc leo t ides .  S ince  r a t h e r  high concent ra t ions  

of t hese  inorganic  r eagen t s  are requi red  t o  produce 

the  e f f e c t s ,  i t  m y  be t h a t  t h e  observed i n h i b i t i o n  

is due t o  some mechanism o the r  than  a r eac t ion  wi th  
p u t a t i v e  polymerase su lhydry l  groups. 

The a b i l i t y  

The binding  

We have a l s o  

Results t o  d a t e  have s h a m  t h a t  OOPO 

On t h e  o the r  h a d ,  so1pc in- 
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2. 

3. 1. 1. WU, k. 8. ti1l.y. E. L e  R A t l i f f ,  D. A. 

4. 

T i m s c r i p  t i o n  

I n i t i a t i o n  of BNA m t h u i a  in vit ro normdlly 

t akes  p l ace  vith ATP or  fZP acrvlng u t h e  f i r s t  
nuc leo t ide  in t h e  RNA chrtn. 
u e  d d e d  t o  t h e  3*-bydroryl soup of  ATP or CD, 
m d  t h e  RNA chain l o  extended by t h i o  aechmism. 
When RNA homopolymers seme m t empla te  f o r  RNA 

eyntheair, conpleocntary a l igo r ibonuc leo t ides  stim- 
u l a t e  t h e  rate of M A  synthesis, and they can seme 
t o  i n i t i a t e  RNA chains  by being  covalen t ly  incor- 
pora ted  l n t o  t h e  growing RNA c h ~ I n . l  S t r a a t  

r ecen t ly  observed t h a t  q l e m t z n t a r y  deoryr ibosyl  

o l i g w e r s  also s t i n u l a t e  XWA synthesis. 
thought it un l ike ly  t h a t  Qoxyribosyl oligomers vere 
covalen t ly  incorpora ted  i n t o  t h e  RNA chain. We have 

inves t iga t ed  t h e  parameters involved in a t l m u l a t i m  

of RNA syn thes i s  by deoxyribosyl oligomers and the  
3 ques t ion  of t h e i r  covalent i nco rpora t ion  i n t o  RNA. 

Subequen t  nuc leo t ides  

2 g. 

They 

Dcoxyribothymidylate oligomers s t i rnu la t e  poly U 
synthcs io  d i r e c t e d  by poly A or poly dA and cat- 

alyzed by Escher ich ia  s RNA polymerase. The 
amount of  s t imu la t ion  observed i r  8 func t ion  of 
oligomer concent ra t ion ,  s u b s t r a t e  concen t r a t ion ,  . ad  

metal i o n  used. Figure 1 shows r t i m u l a t i o n  of poly 

A-directed poly U aynthe8is by d(pT)* as a func t ion  
of Ufp c o a c c n t r a t i m .  At l ou  UTP concent ra t ions  

where t h e  I n i t i a t i o n  s t e p  is seve re ly  r a t e - l imi t ing ,  

t h e  s t i a u l a t o r y  e f f e c t  of d(pT)g on t h e  r e a c t i o n  is 

h ighes t .  Other experiments vh ich  u t i l i z e d  y - 3 2 p - ~ p  
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. 

u) I I I 1 

amoles UTP 
pig. 1. S t i m l a t i o n  of poly A-directed poly U syn- 

th - i s  d(pT)g .II func t ion  of IlTP 
e m c e n t r a t i o n .  S imula t ion  is def ined  as 
t h e  ratio of  UMP-k polymerized In the 
presence of d(pT)& div ided  by the  mnouut 
polymerized in t h e  absence of d(pT)8. 

w s u b s t r a t e  shoved t h a t  i n i t i a t i o n  of  po ly  U chains 
v i t h  W P  I s  g r e a t l y  decreased when ollgodeoxythymi- 

d y l a t e  is included i n  t h e  r e a c t i o n  mixture. D i r e c t  

evidence f o r  o l lgodeoxy thy~ddy la t e  inco rpora t ion  i n t o  

poly U cha ins  WOI obtained in t h e  fo l lowing  way. 

Poly A, %-IJTP, urd  RNA polymerase were incubated in 
two r eac t lous ,  one of which a l s o  contained d(pTIg. 

The r e a c t i o n  ndxturee vere hydrolyzed in 0.3 

37' C f o r  20 hours  and neu t r a l i zed ,  urd t h e  hydro- 

l y s a t e s  vere chromatographed on DEAE-cellulose. 

reaction w h i c h  conta ined  d(pT)8 gave rise t o  a radio- 

a c t i v e  peak v i t h  chromatographic p rope r t i e s  expected 

of d(pT)gprUp (Pig.  2 ) .  Such peak w a s  no t  seen i n  

t h e  o the r  r eac t ion .  We a lso  have samcwhat s i m i l a r  

types of evidence t h a t  much longer  poly dT a l s o  
se rves  t o  I n i t i a t e  po ly  U syn thes i s .  

tions, a11 poly U cha ins  appear t o  be i n i t i a t e d  wi th  

deoxy thyddy la t e  oligomers. Oligomer I n i t i a t i o n  of 

RNA syn thes i s  seems t o  occur independently of  t h e  

presence of t h e  sigma subun i t  of RNA polymerase. 

KOH a t  

The 

In some reac- 

The r o l e  i n  v ivo ,  i f  any, of i n i t i a t i o n  of DNA 

mynthesis v i t h  RNA o r  DNA oligomers I s  not  k n m .  

However, t h i s  r e a c t i o n  sugges ts  t h e  p o s s i b i l i t y  t h a t  
-- I n  Mvo i n i t i a t i o n  of RNA s y n t h e s i s  might occur 

smnetfmes a t  s ing le-s t randed  breaks on DNA and thus  
produce DNA-RUA covalen t  hybr ids .  

of t h i s  r e a c t i o n  a l s o  r equ i r e s  t h a t  most s t u d i e s  of 
i n  v i t r o  i n i t i a t i o n  of RNA syn thes i s  be r e i n t e r -  

p re ted .  

The occurrence 

-- 

. . . .  

I 
. , . . . . .  

I UDT 1. 

i -  
k IV I 4- 

pig. 2. DEAE-Cellulose chromatography of t h e  hydro- 
l y s a t e  of A d(pT)8-stimulated poly  U 
syn thes i s  reac t ion .  A d(pT)g marker was 
added to  t h e  neu t r a l i zed  hydro lysa te  p r i o r  
t o  chrmatography. The r ad ioac t ive  peak 
that i s  e lu ted  a f t e r  t h e  d(pT)8 i s  presumed 
t o  be  d(pT)s t o  vhich an a d d i t i o n a l  triti- 
a t e d  pup remins a t t ached  a f t e r  a l k a l i n e  
hydrolyoi.. This  peak vas not  seen  i n  reac- 
tiom which did not  Contain d(pT)g. 
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Effec t s  of X-Irradiation on RNA Polymerase 

In  t h e  s t u d i e s  of Pol l a rd  and co-workersl1 i t  

has been shovn t h a t  w n t r o l l e d  t r a n s c r i p t i o n  i n  vivo 

In t h e  bacterium Escherichia is s e n s i t i v e  t o  

ion iz ing  r a d i a t i o n ;  fuxthermore, It vas poss ib l e  to 
c o r r e l a t e  from c r i t i t z l  t a r g e t  ana lys i s  t h e  radio- 

s e n s i t i v e  s t r u c t u r e  respons ib le  f o r  u t i l i z a t i o n  of 

t h e  RNA precursor  u rhc i l  v i t h  a s t r u c t u r e  similar i n  

s i z e  t o  t h e  RNA poly-arcse molecule. Accordingly, 
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w rmdertook .D imrrstiytlan of the r d i o r u m i t i v i t y  

Of that'-. 
The effects of X - i r r r d i a t i a r r  upon m polper- 

u e  f- three strains of 4. & of varying radio- 

woritlrltles have been f o r u t l g a t e d  using a variety 

of h v l y m e r a  and a natural d o u b l c r t r u d e d  DNA 

as t.q1atm.2-4 me r ad io respame  of -tic 
activity of  the polyn?rue vas i n d a p e n h n t  of the 
rdioeeusitidty of t h e  cell from vhich it was ex- 
t r a c t e d .  D3, r r l u t s  a b t d n e d  v a r i e d  according t o  
the t rp l a t e  molecule used. 

dose-remporue of t h e  could  not be a t t r i b u t e d  

t o  m e f f e c t  on b ind ing  of I r r a d i a t e d  enzyme to  the 

t w l a t e  molecule; D37 d u e s  f o r  iP.Ctivati011 of 
binding t o  po ly  t7 or  poly dT were 4 to 8 times 
greater than  c o r r e r p o n ~ n g  D37 vduee f o r  i n 8 C t i V a -  

t lon of enzymatic a c t i v i t y  of  t h e  e n m e  (Pigs. 1 
md 2). 

This variability in 

When i r r a d i a t e d  e n z p  was assayed w i t h  r i b e  

homopolper  templa tes ,  t h e r e  WUI a s u b s t r a t e  depen- 

dence of  i n a c t i v a t i o n  (i .e. ,  D37 values for 

I n a c t i v a t i o n  of enzyme a c t i v i t y  of  t h e  RNA polymer- 

me changed as s u b s t r a t e  concent ra t ion  i n  t h e  reac- 
t i o n  n d r t u r e  was var i ed ) .  A t  lw s u b s t r a t e  l e v e l s  

where t h e  I n i t i a t i o n  s t e p  of  RNA s y n t h e s i s  is rate- 
l i m i t i n g ,  r a d i o s e n s i t i v i t y  of  t h e  e n z p e  is h ighes t .  

With homodeoxyribopolymer templates , a s u b s t r a t e  

Independence of i n a c t i v a t i o n  waa observed. 

The a b i l i t y  of complementary r i b o s y l  peatmners 

t o  bypass chain i n i t i a t i o n  and t o  s t i m u l a t e  poly A 

rynthesis i n  poly U- and poly  dT-directed r eac t ions  

was examined. U t i l i z i n g  t h i s  method of bypassing 

t h e  r a t e - l i m i t i n g  s t e p  i n  in v i t r o  RNA syn thes i s ,  

t h e  i n a c t i v a t i o n  of enzymetic a c t i v i t y  by X-irradia- 

t i o n  was i nves t iga t ed .  

dependence of D3, values f o r  h o m o r i b o p o l p r  tcm- 

p l a t e s  is elimdnated when t hese  i n i t i 8 t o r  molecules 

are inc luded  i n  the  reactions. Furthermore, t h e  

i r r a d i 8 t e d  enzyme, when asssyed wi th  h w d e o w r i b o -  

polymers, becornea less r a d i o s e n s i t i v e  i n  the  pres- 

ence of oligomer primers.  

t h a t  t h e  i n i t i a t i o n  s t e p  is t h e  most r a d i o s e n s i t i v e  

I n  t h e  process  of RNA synthesis. 

The s u b s t r a t e  concent ra t ion  

These r e s u l t s  sugges t  

The f i d e l i t y  of RNA s y n t h e s i s  by X-irradiated 
RNA polymerase w a s  a l s o  examined. 

i n  i n s e r t i o n  of noncomplementary nuc leo t ides  i n t o  

poly A as a func t ion  of dose f o r  both poly U- and 
poly dT-directed r eac t ions  was observed. 

A l i n e a r  i nc rease  

Misreading 

pip. 1. Inactivatioo of the enzymatic w t l v i t y  of - -  E. coli B / r ,  B,-i, and I12 RNA polyr-er  
by X-l r r ad ia t l aa  when u e a y e d  with e i t h e r  
poly U or p p p  dT. The m e a  s conts ined  
375 amoles cdTp ( 4 . 5  x 10 cpm/po le )  
p e r  reaction. The non i r r ad ia t ed  polymer- 
me samples (7.5 t o  8.0 pg) incorpora ted  
4 nsolur 1 4 c - m  i n  20 minutes using a 

or 18 nmoles 
peC-AMP In 10 liWtes wing a poly dT 
templa te  p l w  Mg . 

3 

l y  u t q l a t a  p l u s  

. P a Y U  

. r O L Y # r  

KIL I - 

mg. 2. X-ray i n a c t i v a t i o n  of b inding  a b i l i t y  of 

The a s says  
E. c o l i  B/r, Bs-l, and K12 RNA polymerases 
t o  e i t h e r  poly U o r  p l y  dT. 

moles %-poly &T and 1.5 llg o r  3.0 IJg 
enzyme, r e spec t ive ly .  

- -  
con ta i  ed 2.6 m o l e s  ad -poly U o r  2.6 n- 

vas 3 t o  4 times more pmnomced i n  pa ly  dT-directed 

r eac t ions  compared t o  poly U-directed r eac t ions  (see 

Pig. 3). 
ase is M important e f f e c t  i n  v ivo  of X- i r rad ia t ion .  

I f  so, i t  may be t h a t  decreased f i d e l i t y  of t r an -  

s c r i p t i o n  could account f o r  some of t h e  delayed 

e f f e c t s  of i r r a d i a t i o n .  

It  is no t  kn- i f  damage t o  RNA polymer- 
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I I I 1 . hu not revealed a y  r J o r  d i f f e r e n c e s  in cmpar -  $01 

40- 

E '  
0 

. 

Wr 
b o a  vith base  c v i t l o n  of t h e  entire DNA wle- 

COIY dT d e .  W a g  the m y  technical p r o b h  in t h i s  
r ape r lmen ta l  8pprp.b is the p o s s l b i l i t y  t h a t  t h e  

enzyme may rigrate t o  o t h e r  8ftcs dur ing  t h e  d iges-  

t ion procecls. 

d d  be  stabilllad by f o m a t i o n  of a c m a l e n t  bond 

0 

If  the BNA polymerase-DNA co@.ex POLY u 
0 

2. 

3. 

4. 

~ -~ 
incorpora ted  i n  a poly U- or poly dT- 
d i r e c t e d  poly A syn thes i s  r eac t ion  by X- 
i r r a d i a t e d  E. & R N A  polymerase as a 
func t ion  of dose. 
M p  incorpora ted  a t  a p a r t i c u l a r  dose by 
e i t h e r  t h e  B / r  or Bs,l RNA polymerase w a s  
c a l c u l a t e d  from t h e  mount of GUP incor- 
po ra t ed ,  compared t o  t h e  amount of AMP 
incorpora ted ,  and mul t ip l i ed  by 100. 

' 
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DNA- 

Ultraviolet-Induced Cross-Links between RNA Polymer- 

ase and DNA 

There are c e r t a i n  s p e c i f i c  sites on DNA mole- 

cu les  which bind t h e  RNA polymerase enzyme. 

e r a l  a t tempts  have been made in r ecen t  yea r s  t o  

Sev- 

' i s o l a t e  RNA polymerase b inding  sites u t i l i z i n g  t h e  

proper ty  of nuc lease  r e s i s t a n c e  of those  regions 

of t h e  DNA molecule covered by bound polymerase. 

Hwever ,  base a n a l y s i s  of t h e  labe led  DNA fragments 

I n  c o n t r o l  experiments, we  errmined as a func- 

t i o n  of  dose t h e  d i l i t y  of  u l t r a v i o l e t  l i g h t  t o  
induce formation of a s t a b l e  complex between 

Escher ich ia  e IRA polymerase and poly d(A-T)'- 

d(A-T). A s t a b l e  complex is def ined  as one whidr 

nraintaine Its i n t e g r i t y  i n  a high salt concentra- 

t i o n  (2 2 KC1) whic!! t o t a l l y  d i s r u p t s  nonlinked 
polymerase-DNA crmplexes. Exis tence  of such COIW 

plexes is de tec t ed  by n i t r o c e l l u l o s e  f i l t e r  assay. 

The i r  formation appears t o  be a b iphas i c  response,  

cons i s t ing  of an i p i t i a l  r ap id  formation followed 

by a more gradual  i nc rease  of s t a b l e  complex w i t h  

dose. I r r a d i a t i o n  of t h e  enzyme and polymer sep- 
a r a t e l y  does not promote formation of s t a b l e  com- 

p lexes  upon adxiag. 

2 

With poly d(A-T).G(A-T) of an average length  

of 239 nuc leo t ides ,  we examined u l t r av io l e t - induced  

s t a b l e  complex formation a t  two enzyme:polymer ra- 

t i o s  (mo1e:mle). About 10 and 24 pe rcen t  of t he  

labe led  polymer re ra ined  bound t o  the  enzyme i n  

high sa l t  when ent).ne:polymer r a t i o s  of 2.2:l.O and 

4.6:1.0, r e spec t ive ly ,  were i r r a d i a t e d  wi th  

150,000 ergs/- . 
complexes. samples from t h e  above experiment were 
cent r i fuged  t o  equi l ibr ium i n  cesium ch lo r ide .  The 

r e s u l t s  are s h w n  i n  Fig.  1. The s t a b l e  pro te in-  

polymer complex e s s e n t i a l l y  f l o a t s  i n  these  gra- 

d i e n t s  and, thus.  can be r ead i ly  sepa ra t ed  from 

d i s soc iab le  complexes. Work i s  i n  p roe res s  t o  

cha rac t e r i ze  fu r the r  t hese  s t a b l e  complexes p r i o r  

2 
To cha rac t e r i ze  f u r t h e r  t hese  
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Pig. 1. C e s i u m  c h l o r i d e  sedimentation equi l ibr ium 
g rad ien t  m a l y s i s  of ul t rav io le t - induced  
s t a b l e  complex rmation between RNA 
polymerase and “C-poly d(A-T)-d(A-T). 
Samples of i r r a d i a t e d  polymer and ir- 
r ad ia t ed  enzyme:polymer complexes vere 
mixed with cesium ch lo r ide  t o  a f i n a l  den- 
s i t y  of 1.46 g J m 3  and cen t r i fuged  t o  
equi l ibr ium.  A f t e r  c e n t r i f u g a t i o n  , approx- 
imate ly  1 m l  H20 vas layered  onto each 
g rad ien t ,  and t h e  gr8dien tS  were f r ac -  
t i ona ted :  (a)  i r r a d i a t e d  polymer; (b) ir- 
r a d i a t e d  enzyme:polymer (2.2:l.O); and 
(c) i r r a d i a t e d  enzpe:polymer  (4.4:l.O). 
I n  agreement wi th  t h e  n i t r o c e l l u l o s e  f i l -  
ter assay ,  about 10 percent  of a c t i v i t y  
vas found i n  t h e  l i g h t  peak i n  (b) urd 
about 24 pe rcen t  i n  (c). 

. t o  detenrinlq the utility of thL approach in iao- 
k t i o n  of fpoA polymerase bindiw a i t u  on native 
HA. . 
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EFFECTS OF I O N I Z I N G  RADIATION ON QIBDHaTIl STRDcTuRe 
AND TEE MTOTIC APPARATUS 

(G. P. Shepherd, J. H. Hardin, end B. J. Nol-d) 

IcaiLiog r a d l a t l o n  u h I P i s t e r e d  at s u f f i c i e n t  

+re l e v e l s  give6 rise, t i t h e r  d i r e c t l y  or ln- 
d i r e c t l y ,  t o  a l t e r a t i o n r  i n  target molcculce or 
sites wi th in  t h e  l i v i n g  cell ,  
4re eventually expressed as 6uch d 8 s s i c d  radio- 
b io logic81  phmomcna as d i v i s i o n  de lay ,  cell dea th ,  

8nd chmolosomal aber ra t ione .  The aec1119 by vhich  

these  phanomcna are e f f e c t e d  8t t h e  wlecdar level 
u e  no t  clear, though it is by aw q u i t e  apparent  

t h a t  r r t l t i p l e  bu t  i n t e r r e l a t e d  f a c t o r s  con t r ibu te  

t o  t hese  phenomena i n  nea r ly  every case. 

These a 1 t e r a t i o n e  

It is our  purpose to  (a) characterize i n  v ivo  

end I n  vitro alterations io cellular biochemistry 

brought about by ion iz ing  r a d i a t i o n ;  (b) determine 

t h e  w l e c u l a r  mechanisms by vhich  these  changes a r e  

e f f e c t e d ;  and (c) attempt t o  determine t h e  re levance  

of def ined  i n  v i t r o  mechanisms wi th  observed i n  v ivo  

r ad iob io log ica l  phenomena. Our i n v e s t i g a t i o n s  have 

suggested two important biochemlcal areas i n  vhich  

ion iz ing  r a d i a t i o n  might con t r ibu te  d i r e c t l y  and 
s i g n i f i c a n t l y  t o  cel l  death and d i v i s i o n  de lay .  

t h e  f i r s t  of t hese  areas, t h e  b a s i c  p o s t u l a t e  sug- 

g e s t s  t h a t  i on iz ing  r a d i a t i o n  at s u f f i c i e n t  levels 

br ings  about d i s rup t ion  o f  chromatin s t r u c t u r e ,  

r e s u l t i n g  i n  alterations in  templa te  capac i ty  m d  

s p e c i f i c i t y  of protein-bomd genomic DNA. Chro- 
matin d i s r u p t i o n  might vel1 be  evoked as a caw- 

a t i v e  f a c t o r  i n  radiation-induced cel l  transforma- 

t i o n ,  v i ra l  induct ion ,  o r  cell death.  I n  t h e  sec- 

ond of t hese  a reas ,  t h e  b a s i c  p o s t u l a t e  i s  t h a t  

radiation-induced d iv i s ion  de lay  stems from the  in-  

a b i l i t y  of t h e  cel l  t o  undergo d i v i s i o n  and t h a t  

I n  
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this inability results from Induced i l t e r a t i a  in 
cellular d i v i s i o n  uchdsms. We h n r  c-ccmcd 
ourselves in the following s t u d i e s  v i th  the e f f e c t s  

of i d r i n g  r a d i a t i o n  upon cuaponmts.of Ch-tiD. 

m d  of t h e  mitotic apparatus.  

E f f e c t s  of Ionizing Radiation on chromatin S t r u c t u r e  

and Iktabolism 

Thr constant m s o c i a t i o n  of nuc lea r  protcicre 

with n u c l e i c  a c i d s  and a b i l i t y  of t hese  prot&s t o  
a f f ec t  t h e  nature a i d  rate of  @nomic t r r n s c r i p t i a r  

reactions have l e d  t o  t h e  sugges t ion  t h a t  nuc lea r  

p ro te ine  m y  func t ion  as d i r e c t  r egu la to r s  or UI 

inte-diate moderators of gene expression. 

p ro t e ins  c m b i n e  v i t h  nuc lea r  DNA and RNA t o  form 

t h e  chromatin of l i v i n g  cells. 
ba lance  of any of t h e s e  components vlthin t h e  chro- 
matin o r  alterations in p r o p e r t i e s  of these  campo- 

nents  can g ive  rise t o  changer i n  a b i l i t y  of chro- 

p e t i n  t o  se rve  as template in t r a n s c r i p t i o n  reac- 
tions. 
a c t e r i z e  in vivo and in v i t r o  chromatin s t r u c t u r a l  

a l t e r a t i o n s  broubht about by ion iz ing  r ad io t ion ;  

(b) determine t h e  molecular ~ c h a r ~ i s m s  by vhich 

these  alterations are e f f e c t e d ;  ( c )  determine t h e  

r e s u l t  o f  t hese  changes 011 n o m 1  chromatin func- 

t i o n s ;  and (d) e s t a b l i s h  t h e  r e l a t i o n s h i p  of t hese  

e f f e c t s  t o  classical r ad iob io log ica l  phenomena. 

Nuclear 

A l t e r a t i o m  in the 

It is t h e  purpose of t h i o  s tudy  t o  (a)  char- 

Histones are be l ieved  t o  be  t h e  molecular 

e n t i t i e s  p r imar i ly  respons ib le  f o r  compaction and 

s t r u c t u r i n g  of chromatin. S t r u c t u r a l  a l t e r a t i o n s  
of these  p ro te ins  v i a  a c e t y l a t i o n ,  methylation, and 

phosphorylation r eac t ions  occur at c l e a r l y  defined 

times v l t h i n  t h e  c e l l  cyc le ,  and these  r eac t ions  

appear t o  be regula ted  by a v a i l a b i l i t y  of h i s tones  

wi th in  the  chromatin r a t h e r  than  i n t r a c e l l u l a r  

e f f e c t o r  enzyme l e v e l s .  

revteued r ecen t ly .  

These r e s u l t s  have been 
1 

I f  these  s t r u c t u r a l  a l t e r a t i o n s  are permanent, 

one might assume t h a t  t he  func t ion  they perform is 

a l s o  r e l a t i v e l y  cons tan t .  

h i s tone  a c e t y l ,  methyl,  and phosphoryl groups were 

determined. Both h i s tone  methyl and a c e t y l  

groups appeared t o  be conserved i n  r ap id ly  d iv id ing  

cu l tured  mammalian c e l l s .  

groups a l s o  appeared t o  be conserved, v h i l e  h i s tone  

F1 phosphate appeared t o  tu rn  over dur ing  G2 i n  Sm- 
chronized manrmalian c e l l s . 4  
e f f e c t s  of h i s tone  ace ty l a t ion  and methylation and 

The s t a b i l i t i e s  Of 

2 3 

Histone F2b phosphoryl 

Thus. t h e  b i o l o g i c a l  

phosphorylation of f r a c t i o n  F2b may w e l l  b e  rel- 

a t i v e l y  permanent, while phosphorylation and de- 

phoephotylatlon of h i s tone  P1 may r ep resen t  an on- 
going proce r s  6ud as t r a n s p o r t  or derepress ion .  

I f  alteration of h i s tones  represent.  t h e  de- 

r ep res s ion  of DNA p r i o r  t o  r e p l i c a t i o n  in S ,  one 
r i g h t  p r e d i c t  that only "old" h i s t o n e s ,  t h e  repres-  

rive p m d u c t r  of an earlier d i v i s i o n  cycle, would 

be a l t e r e d  within a given cell  cyc le .  

demamtra ted  r ecen t ly  t h a t  t h e  i n t e r n a l  pep t ide  13- 
17 of h i s t o n e  f r a c t t o n  P2al is a c e t y l a t e d  at r e s idue  

l6 vlthin the same cell c y c l e  in vhich t h e  h i s t o n e  

was s y n t h e ~ i z e d . ~  This demonstration p r o d d e s  proof 

of t h e  p r i n c i p l e  t h a t  a- h i s tones  m y  be  a c e t y l a t e d  

and renders  i t  -l ikely t h a t  a c e t y l a t i o n  of t l i i s  

site is s o l e l y  involved in t h e  derepress ion  of DNA 
wi th in  that ce l l  cycle.  These observa t ions  agree 
wi th  our previous c o r r e l a t i o n  of radiation-induced 

i n h i b i t i o n  of  both DUA and h i s t o n e  b iosyn thes i s  and 
of h i s tone  ace ty l a t ion  and methylation.6 Thus, t he  

obsenred e f f e c t s  of i on iz ing  r a d i a t i o n  upon h i s t o n e  

syn thes i s  and s t r u c t u r a l  a l t e r a t i o n s  may w e l l  be an 

e f f e c t  r a t h e r  than a cause. 
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E f f e c t s  of Ion iz ing  Radia t ion  on Co~ponenta  of the 

Mitotic Apparatus 

I ( - I rmdia t ion  of taponentially m n g  -1i.n 
cell. at h t e w d i a t c  dose  levelm i n d u c u  t h e  phe- 

OoInoll of division delay. I r r a d i a t e d  cel ls  typ- 

i d l y  cease division h d l a t e l y  for a per iod  of 
tiPc proportiop.1 t o  the dome of incident r a d i a t i o n ,  

after which they  res- t h e i r  n o m 1  rpovth p a t t e r n  

for ate or mn generations. 
t h a t  cella i r r a d i a t e d  at these levelm, vu le  retain- 
ing t h e i r  a b i l i t y  t o  synthesize BNA, LWAa and 
f u n c t i o n a l  p r o t e i n s ,  accuarlrte in C2 or a C2-l ike  

state p r i o r  t o  resuming d i v i s i o n .  

ham l e d  t o  t h e  sugges t ion  t h a t  radiation-induced 

d i v i s i o n  de lay  arises from damage t o  c e l l u l a r  d iv i -  

sioa mechanisms or to 8- component necessary for 
i n i t i a t i o n  of d iv i s ion .  This coolponent q p e ~ r s  t o  

be p r o t e i n  in na tu re .  

It bmm bean mhawn 

Thim 8ccuarl.tion 

We have determined t h e  tcmporal p a t t e r n  of  

i n t r a c e l l u l a r  microtubule p r o t e i n  levels in mynchro- 

n i r e d  c u l t u r e s  of uamalian cells (Fig. 1 ) .  Cellu- 

lar  microtubule p r o t e i n  l e v e l s  d i sp l ay  two d i s t i n c t  

maxima i n  l a te  S m d  i n  la te  G2. It may be seen  

t h a t  t h e s e  mudma correspond c lose ly  t o  maxima i n  

to ta l  so lub le  p r o t e i n  cvntent of t h e  c e l l s .  

The e f f e c t  of 1600 rads  of  X- i r rad ia t ion  upon 

i n t r a c e l l u l a r  RNA, t o t a l  s o l u b l e  p r o t e i n ,  and micro- 

tubule  p r o t e i n  l e v e l s  may be seen  i n  Fig. 2. A l l  

l e v e l s  rose  t o  maxima between 1 5  and 30 hours pos t  
i r r a d i a t i o n  as cells accumulated i n  G and dec l ined  

t h e r e a f t e r .  

m y  precede assembly of micro tubular  p r o t e i n  i n t o  

macros t ruc tures .  Radiation has  been shown t o  

cause t r a n s i t o r y  e f f e c t s  upon phosphorylation of a 
v a r i e t y  of me tabo l i t e s  w i t h i n  t h e  m l i a n  cell .  
Techniques f o r  i s o l a t i o n  of pure microtubule p r o t e i n  
from cu l tu red  mammalian cel ls  have been e s t a b l i s h e d ,  

and microassay techniques  are now be ing  developed 
t o  allw establishmen: of phosphorylation of t u b u l i n  

as a precur so r  t o  microtubule assembly, t o  determine 

which of t h e  subun i t s  is phosphorylated,  t o  de te r -  

mine t h e  progress  of phosphorylation wi th in  t h e  cel l ,  

2 
It is bel ieved  t h a t  phosphorylation 

and u l t ima te ly  

r a d i a t i o n  upon 

t o  determine t h e  e f f e c t s  of i on iz ing  

t u b u l i n  phosphorylation: 

F I G .  1. 

MG. 2. 

e - 
(kA.- 

Temporal p r o f i t s  i n  a synchronized c u l t u r e  
of mamrm1i.n cel ls  (a0) f o r  (A) DNA ryn- 
t h e s i s  (-04-) a d  cel l  count ( 4 4 - 1 ;  
(B) M A  murs/cell (-@4-), t o t a l  s o l u b l e  
p r o t e i n  (-A-A-)a and t o t a l  i n so lub le  pro-  
t e i n  (*-=); and (C) cpm %i co lch ic ine  
incorpora ted  into Pic ro tubu le  p r o t e i n .  

Temporal p r o f i l c s  i n  an X- i r rad ia ted  (1600- 
rad) c u l t u r e  of oaxmalian cells  (CHO)  are 
demonstrated for 50 h r  pos t  i r r a d i a t i o n  
f o r  (A) t o t a l  so lub le  p r o t e i n ;  ( 8 )  RNA 
mass /ce l l ;  and (C) cpm %I co lch ic ine  incor -  
pora ted  i n t o  microtubule p r o t e i n .  
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CELLULAR RADIOBIOLOGY SECTION 

WPBODUCTION 

Interests of t h e  C e l l u l a r  Radiobiology Sec t ion  

durlng the p a s t  ycor  have continued t o  focus on 
three main AMAS employing cu l tu red  mampaliaa ce- 
m d  r i c r o b i a l  s y s t e m  .B test cbjects. 
t o r y  and c o n t r o l  ~chu~Isms,  cell-cell i n t e r a c t i o n s ,  

m d  chromosome s t r u c t u r e  and  func t ion  are genera l  

f e a t u r e s  of ou r  overall ob jec t ive  of  e s t a b l i s h i n g  

-11-defined test systems which can be  explo i ted  t o  
determine (1) relevance of s p e c i f i c  biochemical 

f e a t u r e s  t o  ce l l - cyc le  progress ion;  (2) some sense 
o f  p ropor t ion  regard ing  t h e  InQortance of r a d i a t i o n  

or other t o x i c  e f f e c t s  on s p e c i f i c  f e a t u r e s  of cell 

metabolism t o  cel l  s u n r i v a l ;  and (3) p r a c t i c a l  

a p p l i c a t i o n s  of  s p e c i f i c  f e a t u r e s  of cell metabolism 

t o  problems of tunor  ce l l  biology m d  radiotherapy. 

Curren t ly  t h e  most u s e f u l  systems relate t o  RNA 

l e t abo l i sm,  h i s t o n e  metabolism, ce l l - cyc le  k i n e t i c s  , 
ce l l - su r face  r ecep to r  sites , cytogenet ic  e f f e c t s ,  
and DNA syn thes i s .  

t o  be one of e s t a b l i s h i n g  a system and then measur- 

i n g  t h e  e f f e c t s  of b i o l o g i c a l l y  important t ox ic  

agents  o r  i o n i z i n g  r a d i a t i o n  of varying q u a l i t y  on 

var ious  e s t ab l i shed  , recognizable ,  and measurable 

f ea tu res .  

In our 1971 report’  unique p a r t i c u l a t e -  

m s o c i a t e d  RNA spec ie s  were cha rac t e r i zed ,  and an 
attempt w a s  made t o  a s c r i b e  func t iona l  requi re -  

ments f o r  t h e s e  s p e c i e s  i n  t h e  cyc l ing  cell.  In 

t h i s  report w e  summarize r e s u l t s  which descr ibe  

rap id ly- labe led ,  high molecular-weight RNA from 

lPammalian cytoplasm as soc ia t ed  with p ro te in  or 
nucleopro te in  t o  form two rap id lyded imen t ing  

p a r t i c u l a t e s  (i.e., polysomes and informosomes) 

d i s t i n g u i s h a b l e  by t h e i r  d i f f e r i n g  d e n s i t i e s  : Con- 
d i t i o n s  have been e s t a b l i s h e d  which r e s t r i c t  mes- 

senger  o r  messenger-like RNA a v a i l a b l e  f o r  ribosome 

as soc ia t ion  t o  messenger-like RNA of informosomes. 
Under t h e s e  condi t ions  , cycloheximide-mediated yoly- 

some superformstion occurs i n  p a r t  as a result  of 

a s soc ia t ion  of ribosomes with RNA (and ptesumably 

Regula- 

The genera l  approach continues 

p ro te in )  of i n f o r m o n e .  Thus, at l e u t  p a r t  of 

the popula t ion  of inf0rm0~0mJ aes8anwr-like RNA 

i. true messenger PM capable of  p a r t i c i p a t i n g  i n  
polysome formation. 
wi th  o t h e r  evidence i n d i c a t i n g  t h a t  cytoplrslnic 

mamallan neseenger RNA exist6 as A nuc leopro te in ,  

not as free RNA, prior  t o  a s s o c i a t i o n  wi th  ribosomes. 

This observa t ion  I s  I n  accord 

Fur the r  c h a r a c t e r i z a t i o n  of Mmnalian RNA 

spec ie s  by i d e n t i f i c o t i o n  of  mlnor bases  has been 

accomplished. 

t a i n  d i s t i n c t i v e  qua ternary  nuc leos ides  which are 

e a s i l y  sepa rab le  chromatographically.  Three nuc lea r  
spec ie s  con ta in  t r imethylguanos ine ,  vhich i s  found 

i n  no o the r  specieo. Ribosomal RNAs can be d i s -  

t inguished  because 18s conta ins  a s i n g l e  ?-methyl- 

guanosine b u t  none of t h e  o t h e r  qua ternary  nucleo- 

s i d e s ,  whi le  28s contp ins  a s i n g l e  l-methyladeno- 

s i n e  and no  o the r s .  Moreover, 18s RNA has  f o r  t h e  

f i r s t  time been shown t o  con ta in  a s i n g l e  hyper- 

m d i f i a d  base , 1-ue thyl-3-Y-(a-.mino-~carboxy- 

propyl)pseudouridine,  o f  i n t e r e s t  because hyper- 

modified bases  have thus  f a r  been found exc lus ive ly  

i n  t h e  anticodon region of tRNA. I n  f a c t ,  t R N A  of 
CHO cells  has been found t o  con ta in  a s i m i l a r  nucleo- 

s i d e ,  3-y-(a-PmFno-a-carboxypropyl)uridine. 

For example, s e v e r a l  RNA s p e c i e s  con- 

Recent s t u d i e s  of r a d i a t i o n  e f f e c t s  on h i s t o n e  

metabolism have revealed t h a t  f 2a2 phosphorylation 

is independent of f2a2 s y n t h e s i s ,  f l  phosphorylation, 
and DNA syn thes i s .  Histone f l  phosphorylation, al- 
though no t  r e l a t e d  t o  e i t h e r  f l  o r  DNA syn thes i s ,  is 
nonethe less  an exc lus jve  S-phase phenomenon s t rong ly  

i n h i b i t e d  by X- i r rad ip t ion  and, because of cycle- 

dependence, ifi probab:y not important in derepress ion  

of DNA template a c t i v i t y .  

Improved con t ro l  of experimental  condi t ions  

f o r  s tudying  cy cle-dependent b iochemi cal e f f e c t s  

has been achieved by tandem i s o l e u c i n e  depr iva t ion  

and hydroxyurea t r e a t r e n t  t o  y i e l d  l a r g e  cu l tu re s  

s u i t a b l e  f o r  biochemical a n a l y s i s  i n  which a l l  c e l l s  

a r e  t r u l y  i n  G1 and subsequently d iv ide  synchronously. 
Biochemical c r i t e r j a  fo r  a s ses s ing  the  degree of 

pe r tu rba t ion  exh ib i t cd  by t h e s e  c u l t u r e s  appear t o  
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have general a p p l i c a b l l l t y  for r.rurin8 the affects 
o f  a wariety of  o t r e s s c a  on may c e ~  U e .  

C a i t i n w d  a t u d i u  of c e l l - a u r f a c e  p r o p e r t i e s  

have focused 011 a t tempts  t o  quantitate ce l l -our face  

biading of  f luo resceh -con juga ted  p l a n t  lectilvl 
employiog f l o u  ndcrofluoron&tic techniques .  The 
8orface density of b i n d i n s  .iten h~ been f o m d  t o  

be n e a r l y  cons t an t  throughout t h e  cel l  cyc le ,  vith 

s a  evidence  for he te rogene i ty  of binding  rites 
d, g n e r a l l y ,  canpetition f o r  b inding  a i t c a  be- 
tuecn eonc .navi l in  A and wheat gem agg lu t in in .  

A g g l u t i n a b i l i t y  of vi rus- t ransforued  linea and 

t ryps in- t rea ted  p a r e n t a l  l i n u  could be r e a d i l y  

demonstrated but  not c l e a r l y  c o r r e l a t e d  with bind- 

ing. 
The a t r l k l n g  observa t ion  of DNA constancy 

d e s p i t e  marked v a r i a b i l i t y  i n  chromosome number 

i n  he te rop lo id  manmallan ce l l  l i n e s  u t i l i z i n g  f l w  

rn ic rof luorouet r lc  techniques  has  been confirmed 

Independently,  i n  p a r t  by ex tens ive  karyologic  
conpariaon of euplo id  Chinese hamster f ib roblawts  

with l f n e  CHO cells employing modern Giemsa banding 

procedures.  

mosome~ remaln ia CHO cells, v i r t u a l l y  t h e  e n t i r e  

genom can be accounted f o r  i n  terms of ex tens ive  

t r a n s l o c a t i o n s  and a p e r i c e n t r i c  i nve r s ion ;  how- 

ever ,  wst of a haplo id  set of chromosomes has 

r e t a ined  normal conf igura t ion .  Approximately 

3 percent  of t h e  genome missing from CHO cel ls  has 

been i d e n t i f i e d  as t h e  arms of  t h e  l a t e - r e p l i c a t i n g  

X chromosome. These observa t ions  h8ve important 

gene t i c  impl ica t ions .  

Although no  homologous p a i r s  of chro- 

2 

The evidence is  nav also c l e a r  t h a t ,  although 

mrmbrane-bound DNA r e p l i c a t i o n  sites do not occur 

i n  CHO, t h e  sites f o r  i n i t i a t i o n  of DNA syn thes i s  
may indeed be membrane-associated. 

s p a t i a l  arrangement of DNA v i t h i n  t h e  nucleus d & t  

be regula ted  by a s soc ia t ion  of s p e c i f i c  reg ions  
v i t h  t h e  nuc lea r  membrane. 

Thus, t h e  

Details of phage DNA r e p l i c a t i o n  f o l l w i n g  de- 

r ep res s ion  of prophage by u l t r a v i o l e t  l i g h t  i n  

Haemophi& in f luenzae  are most c o n s i s t e n t  with a 
w d e l  i n  vhich both  syn thes i s  of a o u l t i p l e  phage- 
equ iva len t  concatomer and subsequent reduct ion  t o  
phage-sized p i eces  occur on c e l l  membrane. 

c i s ion  r e p a i r  c a p a b i l i t y  of t h e  hos t  bacterium does 

n o t  appear t o  be e s s e n t i a l  f o r  t r i g g e r i n g  derepres- 
s i o n ,  nor does i t  prevent  derepress ion .  

Ex- 

Hwever,  

exc ia ion- repa i r  crpabillty is iq0rt-t 

va ted  ultraviolet doeo for r u i n t a l d n g  

for phage product ion  in the dcnpreaoed  

%pa i r  c a p a b i l i t y  has also been wed t o  
between alternative wdeb f o r  u a m b l y  

The cuncluslou, b u e d  QO d i f f e r e n c e s  in 

at elc- 
capac i ty  

lysogen . 
d i a  t i ngu i sh  

of phage T4. 
u l t r a o i o  l e  t 

inactivation curves, a-ta that T4 u s m b l y  pro- 

ceed. by first c o a r t r u c t l n g  the p r o t e i n  shel l  i n t o  

Which DNA U a u b a c q u e n ~ y  i M C r t d .  

EPERENCE 

1. C. R. U U c d  and C. L. Voelz, eds . ,  & n u l  
Report of t b e  Biological and Medical Research 
Croup (H-4) of t h e  LASL Health Div is ion ,  
January througb December 1971, Los Almnos 
S c i e n t i f i c  Laboratory Bcport LA-49234% 
(Apr i l  1972). 

BECUUTORY AND CONTROL HEWISMS IN THE MAMMALIAN 
a CYCLE 

(M. D. Enger, R. A. Tobey, L. R. Curley, R. A. 

Valters, A. G. Saponsra, m d  E. W. Cumpbell) 

Infomosomes i n  Cultured Chinese Hamster Cells: 

Cycloheximide-Mediated Polysome Superformation 1s 
Accompanied by Associa t ion  of Informosomes v i t h  

Ribosomes 

Rapidly l a b e l e d ,  high molecular-veight RNA of 

manmallan cytoplasm is as soc ia t ed  with p r o t e i n  or 
nuc leopro te in  t o  form two types  of r ap id ly  sediment- 

i ng  p a r t i c u l a t e  s t r u c t u r e s .  In  one in s t ance ,  t h e  

RNA is messenger RNA and t h e  a s soc ia t ion  i s  v i t h  

ribosomes t o  form polysomes. In  t h e  o the r  i n s t ance ,  
t h e  a s soc ia t ion  is v i t h  p r o t e i n  of  unknovn func t ion .  

The r e s u l t a n t  p a r t i c l e  (-80 percen t  p ro te in )  i s  
r e fe r r ed  t o  as an 1nfo-some.l 

informosomes are d is t inguished  by t h e i r  d i f f e r i n g  

d e n s i t i e s :  1.52 g l c c  and 1.4 gfcc  for f ixed  par- 
t i c l e s  i n  cesium ch lo r ide ,  r e spec t ive ly . ]  Seve ra l  
l i n e s  of  evidence suggest t h a t  t h e  RNA of informo- 

sones i s  a l s o  messenger. It i s  similar i n  s i z e ,  

s t a b i l i t y ,  hybr id i za t ion  p r o p e r t i e s ,  8nd base  

composition t o  polysome-bound and  is 
thus r e fe r r ed  t o  as messenger-like RNA. There i s  

about as much messenger-like RNA (mlRNA) i n  inform- 

osomes as t h e r e  Is messenger RNA i n  polysomes. 

Ci rcumstant ia l  evidence i n d i c a t e s  t h a t  informosomes 

may represent  t h e  form i n  vhich  messenger WA e x i s t s  

dur ing  t r anspor t  from nucleus t o  cytoplasffi. dur ing  

[Polysomes and 

2 
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-sod8t%On wi th  r lbosooes  t o  form p o l y s m m ,  m d  

even dur ing  t r . n o l a t l o n .  First, l n f o r m o s ~ - l i k e  
3 pafiiclce carrying nascent  d R N A  m y  be found in 

011 e x t r a c t e d  from n u c l e i .  Aha, nuc lea r  hetero- 
-nema RUA, which pay in p a r t  r ep resen t  nereenger 

5 precursor ,  is s5.milorly r s s o d a t e d  wi th  p ro te in .  

Second, all dlRNA of the cytoplasm Is found t o  b e  

p a r t i c u l a t e ;  no f r e e  a lRNA exists.2 Thi rd ,  t h e  

density of  polysamas is less than  t h a t  of ribosomes, 

i n d i c a t i n g  t h a t  nuc leopro te in  t h a t  is p r e d d n a n t l y  
p r o t e i n  in composition m a t  have a s soc ia t ed  wi th  

ribosomes t o  form polysomes.' Fur ther ,  informo- 

e--llke p a r t i c l e s  may be  dir .sociated from poly- 

#mer using EDTA. 6-11 

4 

Plf t h ,  informoaome-like par- 

t h e  s u p e r f o r u t i o n  i s  apparent ly  due t o  UI in- 
creased  packtug of ribo8cu~es 021 p o l y s m s ) .  

8hw f u r t h e r  that polysonul  messenger RNA and 

i n f o r m s a m i l  rlpHlb u e  i d e n t i c a l  in nillipore 
r e t e n t i v i t y  and thua probably s h r r c  t h e  8- cm- 

t e n t  o f  po ly  A seqoencer. 

We 

In these experiments, synthesis of  ribosomal 

BNA i. p r e f e r e n t i a l l y  i n h i b i t e d  by t r e a t i n g  cul-  

t u r e s  vith 0.05 rJlpl 8CtinOEIYCin (m) f o r  X, min 

before  exposing c u l t u r e s  t o  r ad ioac t ive  RNA pre- 
cursors t o  enmare t h a t  most of  t h e  inco rpora t ion  

i n t o  c y t o p l a s d c  pa r t i cu la t e -a s soc ia t ed  I(NA is  i n t o  
rursengcr  or messenger-like RNA (mlRNA). 

t o  exposure t o  -led RNA precursor, f u r t h e r  RNA 

13 

Subsequent 

ticles are re l eased  from polysomes dur ing  and re- syn thes i s  I s  stopped by a d d i t i o n  of  actinomycin t o  

. s soc ia t ed  wi th  ribosomes a f t e r  nd tosIs . l2  F ina l ly ,  5 u g / d .  Bec8ucle nuclear-cytoplasmic t r a m p o r t  of 

t h e  k i n e t i c s  of RNA precursor  incorpora t ion  are not messenger may contlnue f o r  up t o  15 min a f t e r  syn- 

incons i s t en t  wi th  a flow of messenger RNA through t h e s i s  i n h i b i t i o n  i n  HeLa cells14 ( i n  genera l ,  RNA 

informosomes t o  polysomes. 2s11 t r anspor t  and process ing  occur s i g n i f i c a n t l y  more 

d e f i n i t i v e l y  e s t a b l i s h  such flow from k i n e t i c s  rap id ly  i n  C H O ) ,  c u l t u r e s  are he ld  i n  t h e  h igh  level 

a lone ,  and pulse-chase expe r i aen t s  f a l l  t o  deawn- of actinomycin for 20 lnin before  e f f e c t i n g  super- 
strate s a t i s f a c t o r i l y  such a fluw, s i n c e  t h e  incor- 

pora ted  l a b e l  i n  RNA of polysomes and informosomes (Cx) tc 1 Thus, t h e  f i r s t  t rea tment  wi th  
decays in concer t  subsequent t o  i n h i b i t i o n  of 
f u r t h e r  incorpora t ion3  (Fig.  1 ) .  

evidence e x i s t s  t o  show t h a t  t h e  informosomes (o r  plasmic p a r t i c l e s  of dens i ty  1 .4  (informosomes) o r  
d R N A  t h e r e o f )  in t h e  cytoplasm of in t e rphase  cells  

can or do a s s o c i a t e  v i t h  ribosomes to  form poly- 

somes. I n  t h i s  r e p o r t  w e  show t h a t  polysome super- 

formation, achieved under condi t ions  where inform- 

osomes a r e  t h e  only source  of mlRNA, is accompanied 

by an i nc rease  i n  polysomal-labeled mlRNA and a 

decrease  i n  informosomal mlRNA -- t h a t  polysome 

superformation is achieved in p a r t  by a s soc ia t ion  as- A w a  - 
of ribosomes with informosomes ( t h e  major i ty  of 

Hcuever, one cannot ' 

formatioa of polysomes by add i t ion  of cycloheximide 

a low l e v e l  of actinomycin allows one t o  equate  t h e  

amount of RNA precursor  incorpora ted  i n t o  cyto- Thus, no d i r e c t  

1.52 (polynanes) v i t h  t h e i r  l abe led  messenger OT 

d R N A  con ten t s .  

of AH a f t e r  precursor  incorpora t ion  prevents  any 
f u r t h e r  syn thes i s  of messenger or m l R N A  and allows 

one ( a f t e r  e s t ab l i sh ing  t h a t  no f r e e  mlRNA i s  pres-  

en t )  t o  look f o r  &soc ia t ion  of informosomes wi th  

Treatment wi th  a high concent ra t ion  

I* 

- a H m  A M ~ O  YIN----. 65 um- 
*%O:,hnl ,k & ' 5 ,g/nt - - 

at- - 
"L i 

a4 i 

I (u- 
0 0 2 0 x ) 4 0  

O F  'L i %l FRACTION NUMBER 

FIG. 1. Decay of F S A  i n  polysomes and informosomes FIG. 2 .  Polysome superformation i n  1 pg/ml cyclo- 
i n  t h e  presence of actinomycin. heximide. 
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r ibosors  LO fompolpomo by w u r i n g  the aawat 
of incorpora ted  label t r a n s f e r r e d  from 1.4-dtnsity 

material to  1.52-density n te r ia l  uhen mperforu- 
tion of polys-s l.s e f f e c t e d  [ r u u r e d  u t h e  ra- 
t i o  of &bel in t h e  two decnrity species after 
45 rbn in Cx u9 opposed to hold ing  in the high con- 

centration of An 8hne for 45 d n  ( M ) ] .  

in PI&. 2, cycloheximide t r e a t l l n t  results i n  a 
marked- increase i n  polys- content aud a correspead- 

ing decrease  in free 80s ribosomes md ribosopc sub- 

unit.. 
formation upon t h e  relative mount of  RNA l a1  in 
1.4- m d  1.52-density s p e c i e s  sedimenting in t h e  

region of -11 (P,) or l a r g e  (P,) polysomes, t h e r e  

t indeed a conversion of l a b e l  from informosoPes t o  

polyrolpes when superfornvltion occurs (Fig. 3). That 

t h e  1.4- -+ 1.52-density conversion e f f e c t  is not as 
pronounced as polysomr muperformation probably is 
bemuse most of t h e  superformation is e f f e c t e d  by a 
more dense packing of ribosomes ( t h e  e f f e c t  is due 

apparent ly  t o  slowing t r a n s l a t i o n  rate relative t o  

i n i t i a t i o n ) .  

As shown 

When m e  look8 at t h e  e f f e c t  of t h i s  super- 

Beproducib i l i ty  of t h i s  e f f e c t  and a more de- 

t a i l e d  ana lys i s  i n  terms of i nc lud ing  1.4 and 1.52 

p a r t i c l e s  from a l l  sedimentation ranges are shovn 

in another  experiment (Figs. 4 and 5 ) .  Again, poly- 

some superformation (Fig. 4) is accompanied by M 

increase in 1.52 dens i ty  and a decrease i n  1.4 den- 

s i t y  (Fig. 5 ,  A + D).  Because t h e  e f f e c t  is small, 
we -st assure  ourse lves  t h a t  p r e r e q u i s i t e  condi- 

t i o n s  ob ta in .  

l a b e l  incorpora ted  i n t o  ribosomal RNA. 

s h w s  t h i s  condi t ion  i s  m e t .  That is, any synthe- 

sis of rRNA would be seen  f i r s t  i n  18s RNA indige- 
nous t o  t h e  405 RNA s u b m i t  and would produce l a b e l  

in t h e  region of f r a c t i o n  10; h w e v e r ,  none i s  
found. 

F i r s t ,  w e  m u s t  have an absence of  
Figure SA 

Second, w e  m u s t  cons ider  t h e  p o s s i b i l i t y  
50 I I I I I I I I 

F I G .  3. Change i n  apportionment of r a d i o a c t i v i t y  i n  
1 . 4  (I) and 1.52 (P) dens i ty  spec ie s  upon 
polysome superformation. 

F I G .  4. Polysome superfoxmation i n  1 p g / d  cyclo- 
heldmide, i nc lud ing  t h e  e f f e c t  on slowly 
sedimenting mterid. 

FIG. 5. Isopycnic a n a l y s i s  of t h e  e f f e c t  of poly- 
some superformation on l abe led  RNA content  
of informosomes and polysomes from t h e  re- 
gion of ribosome subun i t s  (A) ,  80s r ibo-  
somes (B), small  polysomes (C) ,  and l a r g e  
polysomes (D). 

t h a t  t h e  inc rease  i n  1.52 dens i ty  l a b e l  is due 

e n t i r e l y  t o  M increased  packing of ribosomes on 

e x i s t i n g  polysomes v i t h  concomitant i nc rease  i n  t h e  

amount of ( labe led)  polysomal tRNA. Analysis of 
103A ex t r ac t ed  from AH o r  Cx polysomes (F ig .  6A)  

s h w s  t h a t  t h i s  is no t  so, 16 t h e  l a b e l  i nc rease  

is in t h e  mRNA peak (- 18s). 

crease i s  shown in t h e  case of mlRNA ex t r ac t ed  from 

informosomes (Fig.  6 B ) .  Thi rd ,  we must v e r i f y  t h e  

absence of f r e e  mRNA o r  mlRNA at t h e  t i m e  super- 

formation is i n i t i a t e d .  This is shown i n  Fig.  ?. 

No mRNA is ex t r ac t ed  from t h e  sedimentation region 
(of cytoplasm) which would be occupied by f r e e  

mRNA. 

A corresponding de- 

Thus, a t  l e a s t  p a r t  of t h e  lnformosome popula- 

t i o n  can a s s o c i a t e  v i t h  ribosomes t o  fonn 



. 

F I G .  6. 

F I G .  7.  

i 
, 1 1 1 1 1 4  

- Y l n C l o u I ) r u M )  
- - - o y I l v m l A o N  B 

Imo- - 

S i z e  (sedimentation r a t e )  d i s t r i b u t i o n  of 
l abe led  RNA from polysomes and informo- 
S O P ~ S  i n  samples treated v i t h  cyclohex- 
imide t o  superform polysomes (Cx) o r  he ld  
i n  actinomycin without cycloheximide (AH). 

Labeled RNA of cytoplasm i n  the  region of  
f r e e  mlRNA (M) , informosomes (I) , and 40s 
subuni t s  (40s). 

polysomes. 
t i o n  of t r u e  messenger RNA v i t h  p ro te in  t o  form 

p a r t i c l e s  of dens i ty  1.4 p r i o r  t o  a s soc ia t ion  of 

mssenge r  v i t h  ribosomes appears t o  be most probable. 

The ques t ion  nov r a i sed  concerns t h e  r e l a t i v e l y  

l a rge  mount  of messenger i n  t h i s  form. 

r e sen t s  a s t a t i s t i c a l  sampling of a l l  messenger 

des t ined  f o r  t r a n s l a t i o n ,  then  one vould th ink  t h a t  

coupling between t r a n s c r i p t i o n  and t r a n s l a t i o n  would 

Taken v i t h  the o the r  evidence. associa- 

I f  i t  rep- 

be extremely loome. 
a-6 r c p r e s m t  elther incompletely wodified o r  

proceased forma which vlll be w e d  eventua l ly  8s 

process ing  ie f l d s h e d  ( the  messenger I n  i n f o m o s o ~ s  
t in 8 "plpellne" r 8 t h e r  than  8 "pool") , o r  mst of 

the informosome popula t ion  I s  d i f f e r e n t i a l l y  modi- 

f l e d  t o  preclude u t i l i z 8 t i o n .  Such Incomplete or 
dlffermtial v d i f i a t i o n  could involve  messenger 

RN& and/or t h e i r  u s o c l 8 t e d  p r o t e l n ( s ) .  

Hore probably d o m d  inforno- 

'A proper ty  apparent ly  p e c u l i a r  t o  mRNA of poly- 

SOPCS is a content of poly  A s u f f i c i e n t  t o  cause i t  
t o  be p a r t i a l l y  r e t a i n e d  on Mi l l i po re  filters. 16 

Is t h e  informosomal mlRNA so modified? The d a t a  

a h w  in Pig. 5 i n d i c a t e  t h a t  l abe led  RNA I s  ob- 

t a i n e d  f r m  informosome-density material d o n e  vhen 

m a t e r i a l  in t h e  20 to  70s reg ion  is ex t r ac t ed ;  

labe led  RNA obta ined  from t h e  large polysome f rac-  

t i o n  is pr imar i ly  from polysome-density material. 

Therefore,  we may use  e x t r a c t s  of t h e s e  f r a c t i o n s  

as sources of informosomal mlRNA and polysomal mRNA. 

By comparing polysumal mRNA, informosomal d W A ,  
and ribosomal RNA by t h e  procedure of Lee et&., 16 

ve found t h a t  no ribosomal RNA vas r e t a ined  on 

llllllpore but t h a t  informosomal mlRNA and polysomal 

mRNA were he ld  up t o  t h e  same e x t e n t  (30 pe rcen t ) ,  

I n d i c a t i n g  t h a t  t h e  d i f f e r e n c e  i n  informosomes 

bound or not  bound t o  ribosomes is n o t  a d i f f e rence  

in modif ica t ion  of  t h e i r  RNA by p r e f e r e n t i a l  addi- 

t i o n  of poly A t o  those  messengers designed f o r  

t r a n s l a t i o n .  
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Modified Bases  of Mznmnalian RNA 

A u j o r  d i f f i c u l t y  in t h e  i n v e s t i g a t i o n  of  nu- 

cleic a c i d s  is l ack  of c h a r a c t e r i s t i c s  by vhich 

molecules can b e  d iscr imina ted .  Hybr id iza t ion  has  

been employed i n  some circumstances t o  compare nu- 
cleic a c i d  ~ e q u e n c e s ,  bu t  t h e  technique is demnding  

and f raught  v i t h  t h e  p o t e n t i a l  f o r  a r t i f a c t .  Fur- 

t h e r ,  t h e  r e l a t i o n s h i p  betveen nuc leo t ide  sequence 

similarities and hybr id i za t ion  competit ion has not  

been def ined  f o r  complex sequences conta ln ing  mod- 

i f i e d  nuc leos ides .  Nucleic ac ids  c i n  be separr. ted 

according t o  t h e i r  size and shape by sucrose  dens i ty  

g rad ien t  s t a b i l i z e d  cen t r i fuga t ion .  The technique 

has been used success fu l ly  t o  study k i n e t i c s  of RNA 

r y n t h e s i s  and t o  c h a r a c t e r i z e  e f f e c t s  of i n h i b i t o r s ;  

h w e v e r ,  r e s o l u t i o n  is l imi t ed .  The lw molecular- 

weight region of sucrose  g rad ien t s ,  t r a d i t i o n a l l y  

a t t r i b u t e d  t o  t R N A ,  i n  f a c t  c o n s i s t s  of a complex 

mixture of RNA m l e c u l e s  vhich are reso lvable  by 

acrylamide gel e lec t rophores i s . ’  E lec t rophore t i c  

mobi l i ty  of polynucleo t ides  is a l s o  dependent upon 

molecular s i z e ,  which has  inhe ren t  d i f f i c u l t i e s  as 
a s tandard  stenuning f r m  ubiqui ty  of degrada t ive  

enzymes which may de r ive  e i t h e r  from endogenous 
sucrose  o r  from contaminating microorganisms. 

t h i s  reason, w e  have sought chemical c h a r a c t e r i s t i c b  

which would d i s t ingu i sh  n u c l e i c  ac ids  from one 

m o t h e r .  Our e f f o r t s  have l ed  t o  e l u c i d a t i o n  of 

s t r u c t u r e  of  t h r e e  prev ious ly  unknovn nbcleosides.  
T w  of these  appear t o  be uniquely loca l i zed  in spe- 

c i f i c  RNA types, and t h e  t h i r d  is a hypermodified 

nuc leos ide  of t h e  type  known t o  be confined t o  t h e  
2 anticodon region of tRNA.  

32 

For 

One of the nwly di.arpcrcd nuclco~id+s belongs 

t o  the d U 8  of minor baeu h.vltq a q u a t a n r u y  riag 
n i t roen .  
sociation constant nus w u t r d  pR; t h e r e f o r e ,  they  

bear a p o o i t i v e  cham mukr phys io log ica l  coodi- 
tiom. We were fiat a l a t e d  to  the p r c s m c e  of 
quaternary nocleotidcrr 19 W A  dur ing  our p r d i n i n a r y  

1- a t c c u l a M n l i g h t ,  r t b l a t e d  BNA (-MA) , w i t h  

t i z e s ~ i n t e x m e d i a t e  be- truU and 188s r i b o a o p r l  
RNA. Solps of  t h e r e  Ipu. contained methylated nucleo- 

s i d e s  ; t he re fo re ,  t o  p ro rc  that they  wre not break- 
dam product6 of rWA or tRNA p r e ~ r s o r s ,  ve cnployed 

W - u r e 8  wluan chrontmgraphy of t h e i r  & d i n e  

degrada t ion  products.  

that rRNA gave d i f f e r e n t  methyl d i s t r i b u t i o n  pa t -  

tern from t R N A  by t h i .  procedure. The p a t t e r n s  

even by t h e  WI-RNAs uere t o t a l l y  u n l i k e  d i r t r i b u -  

tions given by e i t h e r  or rRNA. A h r g e  f r ac -  

t i o n  of t h e  methyl labelrcrs not adsorbed by t h e  

c o l u m  ~d behaved in a manner expected f o r  t h e  non- 

phosphorylated nuc leos ide  a t  t h e  3’-end of a poly- 

nuc leo t ide  chain.  We n w  know t h a t  t h i s  unadsorbed 

material is a degrada t ion  product de r ived  from 

i n t e r n a l l y  loca t ed  quaternary nuc leo t ides  which 

undergo an  a l k a l i  ca ta lyzed  opening of t h e  pu r ine  

r i n g ,  fo l loved  by loss of t he  phosphate group vhich 
is respons ib le  f o r  adsorp t ion  t o  DEAE-cellulose. 

The quaternary nuc leos ide  found i n  LUM-RNA w a s  
i d e n t i f i e d  as N ,N ,7-trimethylgu.nosine, and we 

have shown t h a t  t h i s  h i t b e r t o  unknown nucleos ide  

is present  in t h r e e  of  t b e  i s o l a t e d  LHN-RNA spe- 

These u e  c h r n c t e r i r e d  by a b u i c  d i s -  

h W t i g a t i O l h 8  O f  the Of BpeCIm Of PNA, 

Gr earlier s t i d i r e  had 6 h o m  

2 2  

None of t h e  o the r  known methylated RNAs 

conta ins  t h i s  nucleoside.  Therefore ,  ve can e l i m -  
i n a t e  t h e  p o s s i b i l i t y  t h a t  t h e  LPM-RNAs are arti- 
f a c t u a l l y  derived. Thus, excluding  t h e  p o s s i b i l i t y  
t h a t  a c l a s s  of RNA which is not  e x t r a c t a b l e  by our 

phenol procedure (e.a., t b e  chranosomel-RNA of 

Bonner st. ) ale0 cmta fns  t r ime thy lgumos ine ,  
t h e  t h r e e  LKM-RNAs appear t o  b e  t h e  s o l e  R N b  so 

modified. 

4 

Our s t u d i e s  w i t h  t r i ae thy lguanos ine  l e d  t o  

development of a simple chromatographic system f o r  

s epa ra t ion  of t h e  quaternary nuc leos ides  of RNA. 

Figure 1 s h w s  a p a t t e r n  r e p r e s e n t a t i v e  of t o t a l  
RNA. 

has been e q u i l i b r a t e d  v i t h  bu f fe r  at pH 7.0.  

of t h e  common nucleos ides  and most of t h e  modified 

The c o l u m  p a c k h g  is phosphocellulose which 
A l l  



. 

. 

FIG. 1. Methylated qua ternary  nuc leos ides  p re sen t  
In 2s t o  10s RWA. 
from cell8 l abe led  overnight wi th  (3H- 
r thy l )ope th ion lne ,  p u r i f i e d  by sucrose  gra- 
d i e n t  cen t r i fuga t ion ,  d iges t ed  with snake 
venom and a l k a l i n e  phosphatase,  and chm- 
rntographcd an phosphocellulose a t  pH 7.0, 
as descr ibed  prevtously.l  fiSOrbaCY from 
l e f t  t o  ri&t is due t o  a d i g e s t  of yeas t  
n u c l e i c  a c i d  added a8 a marker f o r  emergence 
of  nonadsorbed nuc leos ides  and, comencing  
at f r a c t i o n  62, added s y n t h e t i c  nuc leos ides  
7-methylinosineI 1-methyladenosine, 3- 
methylcyt id ine ,  and 7-methylguanosine. 
Roman numerals r e f e r  t o  l abe led  nucleosides 
p re sen t  i n  Chinese hamster RNA. The s t ruc -  
t u r e s  of t h e  nuc leos ides  are a h a m  i n  
Pig. 2. 

The sample was prepared 

I n m m 
EZG. 2. St ruc tu res  of t h e  qua ternary  nuc leos ides  

p re sen t  i n  Chinese hamster RVA. 
pounds are ( I )  N 2 , N 2  ,7-tri1nethylguenosine. 
(11) 1-methyladenosine, (111) 3methyl -  
c y t i d i n e ,  and (XV) 7-methylguanosine. R 
r ep resen t s  r ibose .  

The COW 

nuc leos ides  are uncharged a t  pH 7.0 and, because 

they have no c f f i n i t y  f o r  t h e  column, e l u t e  i n  t h e  

f i r s t  25 f r a c t i o n s  which w e  r e f e r  t o  as t h e  void 

volume. The r ad ioac t ive  qua ternary  nuc leos ides  

found i n  Chinese hamster RNA a r e  ( I )  N ,N ,7 - t r i -  

e t h y l p a n o s i n e ,  (11) 1-methyladenosine , (111) 3- 
=thy lcy t Id ine ,  and ( I V )  7-methylguanosine. Thei r  
s t r u c t u r e s  are shorn i n  Fig. 2. These four  quat- 

e rnary  nuc leos ides  appear t o  be t h e  only ones pres- 

ent in M A  i s o l a t e d  from Chinese hamster cells by 

phenol e x t r a c t i o n .  We have not excluded t h e  pos- 

s i b i l i t y  t h a t  o t h e r  qua ternary  nuc ieos ides ,  which 

are too l a b i l e  t o  surv ive  our condi t ions  of prep- 

a r a t i o n  o r  which are p resen t  i n  RNAs which a r e  not 

ex t r ac t ed  by our pro tocol .  e x i s t  i n  Chinese hamster 

2 2  

IMA. ikamiaatm of sepa ra t ed  18s and 28s ribo- 

8 4  RNAs hrs produced t h e  results presented  I n  

r t h y l g u m o s i u e ,  m d  the 28s RNA containm mainly 

l-octhylrdcnosiu. The quaternary  nuc leos ides  are 
.-hat mutable. making the  f i e l d s  shown In 
P i p .  3 a i d  4 lw. 
quaternary  nue lemidea  on phospbocellulose after 

sub j a c t i n g  t h a  to manipulations mimicking t hose  
received by a typical RNA p r e p m a t i o n  f o l l d n g  

isolat ion .  

3 m d  4 .  'Ilbe 18s COUt. iM mainly 7- 

We have rcnm the i s o l a t e d  

The frrctloo of the u u d e o a i Q  vhlch adsorbed 

t o  phosphocelluloee f o l l a r i n g  such t rea tment  vas 
taken t o  represent  t h e  initial recovery. Values 

obtained were 7 1  percen t  f o r  l-methyladeaosine,  

90 percen t  f o r  3 - r t t hy lcy t id ine ,  and 53 percen t  f o r  
7- thylguanosine.  These recoveries have been used 

ID 
I - 1.0 ; 
c 
r- - 0.8 n 
N 
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FIG. 3. Methylated qua ternary  nuc leos ides  p r e s e n t  
i n  185 RNA. The sample vas taken  from a 
sucrose  g rad ien t  and  TU^ a s  descr ibed .  
Addition of 7-methylguanosine, a synthe t -  
i c a l l y  prepared nuc leos ide ,  I s  respons ib le  
f o r  absorbency. 

3.0 

1 2.5 

1 1.0. 

N- 
2.0 - 

f I d  

0.5 

0: 

Fratiwl Number 

FIG. 4. Methylated qua ternary  nuc leos ides  p re sen t  
i n  28.5 RNA. The sample was taken from a 
sucrose  grad ien t  and chromatographed a s  
descr ibed .  Addition of s y n t h e t i c a l l y  p r e -  
pared nucleosides 1-uethyladenosine and 
7-n~thylguanos ine  was respons ib le  f o r  
absorbancy. 

3 3  



Correc ted  count r  p e r  d n u t e  
RlsA Species Ea Jnc 
u)s 301,729 - 582 - 5530 

(34.6) (0.11) (1.0) 

28s 172,680 - 5966 - 432 

WIV l3.650 2257 - - - 
Lm m1 U.896 2894 - - - 
tmA 208,027 - 39,911 6326 23,797 

(78.9) (1.0) (0.07) 

d 8 t 8  have not  been cor rec t ed ,  e ince  we have no t  
accmnulated s u f f i c i e n t  r up le  vith which t o  ob ta in  
II recovery f ac to r .  Making t h e  m s w t i o n  t h a t  
recovery is 50 percen t  (1.e.. about t h e  saxe as 
recovery f o r  7 HG), then  we  can u l c u l a t e  t h e  t o t a l  
nuaber of methyls pe r  molecule i n  t h e  samc =nnEr 
employed f o r  ribosomal RNAs. LMM RNA I V  would have 
10 or 11 pmthyls p e r  molecule and L M  VI1 9 total  
methyls. 

t o  correct the d a t a  presented  in Table 1. This 
t a b l e  was  cons t ruc ted  from wlum chromatographic 

d a t a  such as t h a t  shavn in Fig. 1 and Figs. 3-6. 
The nplnbers i n  parentheses  a re  t h e  ca l cu la t ed  num- 

b e r  of rpethyls a t t r i b u t e d  t o  each of t h e  spec ie s ,  

&ssrrmiag t h a t  t h e  qua ternary  nuc leos ide  present  i n  

h ighes t  moun t  is represented once. The assumption 

appears t o  be c o r r e c t ,  s i n c e  independent estimates 

of  t o t a l  number of methyls p e r  molecule are 55  per  

18s and 85 p e r  28s. I f  one assumes t h a t  t h e  r ibo-  

somal RNAs represent  homogeneous m+ecules, then  

data In Table 1 i n d i c a t e  t h a t  each ribosomal spe- 

cies has  a d i s t i n c t  qua ternary  nuc leos ide  and t h a t  

each has  a s i n g l e  molecule of t h a t  nucleoside.  

The amsumption of homogeneity appears t o  be v a l i d  

f o r  t h e  small ribosomal RNA of Escher ich ia  

which Felner ex&. have sequenced.' They have 

shown t h a t  t h e  E.  
res idue  of 7-methylguanosine per  molecule. 

-re, although a l l  of t h e  remaining methylated 

species are c l u s t e r e d  i n  t h e  f i r s t  t h i r d  of t h e  

m l e c u l e  from t h e  3'-end, t h e  7-methylguanosine $6 

l oca t ed  very nea r  t h e  middle of t h e  molecule. 

spec ie s  also has  II s i n g l e  
Further- 

5 

Figures 5 and 6 show quaternary  nuc leos ide  

d i s t r i b u t i o n  of our  i s o l a t e d  LEM spec ie s  IV and an 

e l e c t r o p h o r e t i c a l l y  p u r i f i e d  f r a c t i o n  enriched f o r  

t R N A .  The f i g u r e s  demonstrate t h e  absence of 

. o  0 

k0dpnmnb.I 

?IC. 5. & t t h y l a t e d  quaternary nucbo l l ides  p r e r e n t  
In LKH .pede# IV. BNA vas i s o l a t e d  by 
p repa ra t ive  u r y l d d e  g e l  e l e c t r o p h o r e s i s  
and d iges t ed  ad chromatographed am de- 
r c r ibed .  W i t i o n  o f  s y n t h e t i c a l l y  pre- 
p8red nuckog idc  N2 ,N2 ,7-trimethylguano- 
rine v a  r r spaaa ib l e  f o r  absorbancy. 

1 6.0 1 I 

FIG. 6 .  Methylated qru ternary  nuc leos ides  p re sen t  
i n  4s RNA. 
t i v e  acryL.miQ p e l  e l ec t rophores i s .  This  
f r a c t i o n  comprises t h e  bulk of RNA p re sen t  
i n  t h e  2s t o  >OS reg ion  of sucrose  gra- 
d i e n t s  O b t M  from whole c e l l s  and was 
shown t o  have d n o  a c i d  acceptance ac t iv -  
i t y .  Addi t ica  of s y n t h e t i c a l l y  prepared 
nuc leos ide  7 - ~ t h y l i n o s i n e  i s  re spons ib l e  
f o r  absorbancy. 

llaA w a s  I s o l a t e d  by prepara- 

t r i ~ t h y l g u a n o s i n e  in t M A  and i t s  exc lus ive  pres -  
ence In  spec ie s  IV. US4 spec ie s  V I  and VI1 give  

p a t t e r n s  very sinilar to t h a t  s h a m  f o r  spec ie s  I V .  

h e  second cl8ss of nucleos ides  w e  have d i s -  

covered is  found i n  1lU ribosomal RNA and i n  an 

e l ec t rophore t i c  f r a c t i c a  which con ta ins  tRNA. 

nucleosides are c h a r a a e r i z e d  by t h e i r  con ten t  of 
an a-aminobutyrate res idue  which i s  der ived  from 

methionine probably v i a  t h e  agency of 2-adenosyl- 

methionine, genera l ly  recognized as t h e  a c t i v e  

methyl donor. 
s i d e s  i n  RNA is demonstrated r e a d i l y  by a l lowing  

cells t o  inco rpora t e  Qth ionine  l abe led  i n  e i t h e r  

t h e  1, 2 ,  o r  1 ,2 ,3  and 4 carbons.6 An i l l u s t r a t i v e  

sucrose  g rad ien t  of I W  i s o l a t e d  from c e l l s  labeled 

These 

The presence of t h i s  class of nucleo- 



. 

?'IG. 7. I n c y p o r a t i o n  of (%-methyl)methionlne and 
(2- 
hamster cells. I s o l a t e d  RNA was centri- 
fuged In a sucrose  g r a d i e n t  (arrcw shows 
t h e  d i r e c t i o n  of sedimentat ion) .  

C)methionine i n t o  t o t a l  RNA of Chinese 

v i t h  (2-14C)methionine i s  shown In Fig. 7. 

complete absence of (2-14C)methimine l a b e l  from 

28s RNA excluder  t h e  p o s s i b i l i t y  t h a t  l a b e l i n g  re- 
e u l t s  f r w  i n d i s c r i m i n a t e  incorpora t ion  i n t o  pur ine  

or pyrimidine bases .  W e  have made s t r u c t u r a l  

assignments of t h e  nucleosides  on t h e  b a s i s  of 
(a) examination of incorpora t ion  of i s o t o p i c  l a b e l  

from precursors ,  (b) degradat ion v i t h  anhydrous 

hydrazine and cornparisor. of t h e  products  v i t h  syn- 

t h e t i c  material or v i t h  t h e  hydraz inolys is  products  

of knwn u r i d i n e s ,  and (c) comparison of t h e  un- 

knovns as t h e i r  hydantoin d e r i v a t i v e s  v i t h  t h e  5- 

@-(brwoethy1)hydantoin a l k y l a t i o n  products  of 
ur id ine  and of 1- and 3-methylpseudouridine. 

4s  unknwn is heterogeneous. 

t h e  c o n s t i t u e n t s  as 3-y-(a-amino-a-carboxypropyl)- 
ur id ine .  Another of t h e  45 u n k n m s  appears t o  give 

rise t o  t h e  above substance a f t e r  hydro lys is  v i t h  

15  HC1 at 100.C; t h e r e f o r e ,  i t  may be an d n o -  
s u b s t i t u t e d  d e r i v a t i v e  of t h a t  compound. A t h i r d  

labeled product is also p r e s e n t ,  vhich ve have not  

y e t  a t tempted t o  c h a r a c t e r i z e .  We n o t e  t h a t  Naka- 

n l s h i ' s  s t r u c t u r a l  assignment of t h e  'Y" base,  

which is knovn t o  b e  l o c a t e d  i n  t h e  3'-positfon t o  

t h e  ant icodon reg ion  of phenylalanine t R N A s  of 

h igher  organisms, has  a d e r i v a t i z e d  a-aminobutyrate 

res idue  a t t a c h e d  t o  t h e  10 p o s i t i o n .  We suggest  t h e  

p o s s i b i l i t y  t h a t  t h i s  res idue  is also derived from 

methionine and t h a t  our  u n i d e n t i f i e d  material may, 
i n  f a c t ,  be  t h e  "Y" base  o r  i ts  d e r i v a t i v e .  

f u r t h e r  s p e c u l a t e  t h a t  , al though a l l  k n m  hyper- 

modified bases  ad jacent  t o  t h e  anticodon are purine 

The 

' 

The 

We i d e n t i f y  one of 

7 

We 

derfvatives, our embobu ty ra t e  d e r i v a t i z e d  u r i d i n e  

may rcpre8ent  a r e l a t e d  s p e c i e s  of  hypermodified 

pyrimidine a d  may Beme a r e l a t e d  func t ion  in 
Chinese hamster cel2.. 
t h e  unknown i s o l a t e d  from 18s ribosomal RNA as 1- 

~cthyl-3-y-(a-.mino~-carboxypropyl)pseudouridine. 
The nature of  our uncertainty i n  rsmignment i s  the 

relative position of t h e  methyl and a-adno-a- 

corboxypropyl groups. 

o f  t h i e  nuc leos ide  in t h e  18s m l e c u l e .  

T e n t a t i v e l y ,  we i d e n t i f y  

There is a single molecule 
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Response of Histone k t a b o l i s m  t o  X-I r rad ia t ion  

Because of  t h e  involvement of  h i s t o n e s  i n  con- 
1 

t r o l  of chromosome s t r u c t u r e  and g e n e t i c  express ion ,  

i t  is p a r t i c u l a r l y  important  t h a t  ve understand :he 

r a d i o s e n s i t i v i t y  of t h e s e  p r o t e i n s .  

chemistry of h i s t o n e s  i n  c u l t u r e d  Chinese hamster 

c e l l s  has  been i n v e s t i g a t e d  e x t e n s i v e l y  i n  t h i s  

The normal bio- 

By i n t e g r a t i n g  information obta ined  

from t h i s  program with knowledge of t h e  Chinese 
hamster ce l l  cycle7-" and radiobiology 11-17 pre-  

viously descr ibed.  i n  t h i s  Laboratory,  an inves t iga-  

t i o n  of t h e  r a d i o s e n s i t i v e  n a t u r e  of h i s t o n e  wt- 
18.19 abolism vas i n i t i a t e d .  

Abnormal Accumulation of Histone f 3  fo l lowing  

X-irradiation.--We have shovn previous ly  t h a t  biolog- 

i c a l l y  s i g n i f i c a n t  doses  of X- i r rad ia t ion  (800 rads) 

will r e s u l t  i n  an abnormally high accumulatioa of 
p r o t e i n  i n  the  h i s t o n e  f 3  f r a c t i o n  of chromatin. 

Hwever ,  whether t h i s  abnornal  excess  OP p r o t e i n  i n  

18 
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&-tin r e s u l t e d  from 10 incream in histone f3 
9er re or from an increme in same c o n t d w t  i n  
the f3  prepara t iona  f o l l d n g  irradiation -M t o  
b e  anevered. W e  hsve i r r a d i a t e d  cella p r e h b e l e d  

wi th  14C-.mino a c i d s  .ad  rubjec ted  t h e i r  hlstanu, 

t o  p u r i f i c a t i o n  by p repa ra t ive  e l ec t rophores i s  (as 
sham in Hg. 1 )  m d  ha- demonstrated t h a t  at 10 h r  

fo l lowing  800 rads (X-Irrdlation) the chromatin of 
I r r a d i a t e d  c e l l n  cont r ined  77 pe rcen t  excess 14C- 

dour; studlea from t h l n  L a b o r a t o ~ y . ~ ~  The loas of 
a d l  anoat of p re l abe led  f l  (Table 1) dur ing  

t h e  l b h r  pe r iod  after i r r a d i a t i o n  was the result 
of  f l  t u r n w e r .  

f2.1, m d  14C-f2ai (Table 1) sugges ted  t h a t  some 

r e u t i l i z a t i o n  of l4C-&o a c i d s  occurred du r ing  

t h e  l0-hr p o e t - i r r a d i a t i o n  period. h r t h e r  uper- 
imcnta t ion  revea led  t h a t  h a l f  of pos t - i r r ad ia t ion  

14C-f3 accumulation r e s u l t e d  from r e u t i l i z a t i o n  of  

"C-.mino ac ids  and t h a t  t h e  o t h e r  h a l f  vas from 
accumulation of presynthes ized  14C-f3 der ived  from 

k b c t d  p u n  f 3  (Table 1). 10 with  pre- 

Uoderate Increase I n  14C-f2b, 14C-  

FIG. 1. 

TABLE 1. EECWERY OF PRELABELED HISTONES BY PREP- 

ARATIflE ELECTPOWORESIS FOLLOWING X- 

IRXADIATIOIU 

Tot81 1 4 C  recovered (cpm). 
Unir r fAia ted  Poet i r r a d i a t e d  

c u l t u r e  ?Ustone c u l t u r e  
fraction (0 h r )  (10 h r )  x Chmp 

f l  ll,510 10,811 - 6.1 
f2b 24,169 27,116 + 12.2 

f 2 a l  ' 20.774 25,514 + 22.8 

f2.2 14,982 18,426 + 23.0 

f3 12,426 22,025 + 77.2 

PIC. 2. 

.The t o t a l  14c counts p e r  minute (cpm) in each 
e l e c t r o p h o r e t i c  peak s h a m  i n  Fig. lvere  s m d  
m d  tabula ted .  The t o t a l  cpm recovered f o r  each 
p u r i f i e d  h i s t o n e  f r a c t i o n  VQB then obtained. 

same nonchromatin source ,  h e r e  i t  vas s t o r e d  p r i o r  

t o  i r r a d i a t i o n  (Fig.  2).  M d i t l o n a l  experiments 
w i l l  b e  necessary t o  de t e rn ine  i f  a r e l a t i o n s h i p  

exists between excess h i s t o n e  f 3  on chromatin and 

X-ray-induced d i v i s i o n  de lay  o r  t h e  eventual dea th  

of  t hese  c e l l s  vhich occurs 2 t o  3 genera t ions  a f t e r  

i r r a d i a t i o n .  17 

FRACTION NUMBER 

Prepa ra t ive  e l ec t rophores i s  of h i s tones  
ex t r ac t ed  from Chinese hamster cells  as 
described by Curley and Hardln:2 
t rophores i s  of a mixture of f l  and f2b; 
(B) e lec t rophores i s  of t h e  f2a complex; 
and (C) e l ec t rophores i s  of h i s tone  f 3  
prepared i n  t h e  presence of 0.14 2- 
mrrcaptoethanol t o  prevent d imer iza t ion  
of f3. 
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Accumla t ion  of pre labe led  h i s t o n e  f 3  i n  
chromatin following X- i r r ad ia t io  Chinese 
hamster c e l l s  were l abe led  with P'C-amino 
ac ids  and then rcsuspended i n t o  t h r e e  cu l -  
t u r e s  conta in ing  no carbon-14. 
w a s  i r r a d i a t e d  v j t h  800 rads  and harves ted  
10 h r  a f t e r  i r r a d i a t i o n  (-); one un- 
i r r a d i a t e d  c u l t u r e  was harves ted  10 h r  
a f t e r  i r r a d i a t i o n  (---); and one un- 
i r r a d i a t e d  c u l t u r e  was harves ted  inme- 
d i a t e l y  as a zero-time c o n t r o l  (-----). 
Histone f 3  vas  i s o l a t e d  and sub jec t ed  t o  
p u r i  f i  c a t  i o n  by p repa ra t ive  e l e  c t  rophores is. 
R e u t i l i z a t i o n  of 14C-.dno a c i d s  dur ing  t h e  
10-hr pos t - i r r ad ia t ion  per iod  is i nd ica t ed  
by the  Increased recovery of carbon-14 in 
t he  10-hr un i r r ad ia t ed  c u l t u r e  over  t h e  
zero-time con t ro l .  

One c u l t u r e  
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Drduction of X-Rav E f f e c t s  wi th  Caffeine.--One 

of  the first observable e f f e c t s  of X-irradiation on 
d t u n d  h i n e s t  hamster cella l e  t h e  ces sa t ion  of  

cell divfsion. 
s p e c i f i c  b i o c h d c d  events has be- a primary 

ob jec t ive  of t h i s  Laboratory. 11-17 Recently vt have 
.ham that me of the e a r l y  biochemical eveof8 

occurtSng &a a r e s u l t  o f  X- i r rad ia t ion  is 8 rcduc- 

t.ioa of h i s t o n e  f l  p h o ~ p h o r y l 8 t i o n . ~ ~  This radio- 
8cnaitive phosphorylation I s  8peclfic f o r  h l s t o n e  

f l  and docs no t  occur in o t h e r  phosphorylated h is -  

tone8. 

ray-induced r educ t ion  of f l  phosphorylation l u y  be  

d i r e c t l y  coupled vlth X-ray-induced dlviclim delay. 
Trea tpcnt  of X-irradiated c u l t u r e s  vith ca f fe ine  

shor tened  t h e  d iL i s ion  de lay  per iod  t o  h a l f  t h a t  of 

un t rea ted  X-irradiated c u l t u r e s  (Fig. 3). Histone 

phosphorylation vas measured by incorpora t ing  13'P]- ' 

phosphate i n t o  c e l l u l a r  p r o t e i n s  f o r  1 h r  fo l lov ing  
i r r a d i a t i o n  and t rea tment  v i t h  ca f f e ine .  We ex- 

t r a c t e d  h i s tones  from these  c e l l s  and f r ac t iona ted  

them on a prepa ra t ive  e l ec t rophores i s  column (Fig. 4) 

Cor re l a t ing  t h i s  phen-non v l t h  

Experiments v i t h  c a f f e i n e  sugges t  t h a t  X- 

1/1 1 S 4 8 1 1 1 1 1 1 1 1 1  

Control, no drug 
tcnfrol, coffcinc 
X-Roy, no drug / r i  

I 

Time (hours )  
FIG. 3. Ef fec t  of c a f f e i n e  on X-ray-induced d iv i -  

s i o n  delay. 
400 rads  of X- i r rad ia t ion  and/or 2 mM_ 
c a f f e i n e  a t  ze ro  t i=.  (-&) c o n t r o l ,  no 
drug; (t) X-ir rad ia t ion ,  no drug; 
(-w) c o n t r o l ,  ca f f e ine ;  and (4-) X- 
i r r a d i a t i o n ,  c a f f e i n e .  

Cul tures  ve re  t r e a t e d  with 

Frocl ion 
F I G .  4. Prepa ra t ive  e l ec t rophores i s  of phospho- 

r y l a t e d  h i s t o n e s  ex t r ac t ed  from Chinese 
hamster cells. C 1s vere 1aSeled for two 
genera t ions  v i t h  I t - p r o t e i n  h d ro lysa t e  
and then  pulse-labeled with H$zPOq f o r  
1 h r .  Carbon-14 and phosphorus-32 were 
counted simultaneously i n  tvc, channels On 
a l i q u i d  s c i n t i l l a t i o n  spectrometer.  
(A) E l e c t r q h o r e s i s  of  t h e  ly s ine - r i ch  his 
tones  f l  and EZb; and (B) e lec t rophores i s  
of t h e  argindne-rich h i s tones  f2a1 ,  f2a2, 
and f?.  The arg in ine- r ich  h i s tones  were 
prepared i n  t h e  presence of 0.14 
mercaptoethauol t o  prevent  d imer iza t ion  
of f3.  

2- 

and found t h a t  c a f f e t n e  a l s o  prevented X-ray-induced 

reduction of h i s t o n e  f l  phosphorylation by an amount 

s i m i l a r  t o  ame l io ra t ion  of d i v i s i o n  delay (Table 2 ) .  

These d a t a  sugges t  t h a t  r ad iosens i t i ve  phosphoryla- 

t i o n  of h i s tone  f l  may be  requi red  €or c e l l  d i v i s i o n  

and t h a t ,  by r e s t o r i n g  f l  phosphorylation, one can 

a l l e v i a t e  X-ray--inZured d i v i s i o n  delay. 

thought t o  exert i ts  a c t i o n  by i n h i b i t i n g  t h e  phos- 

phodies te rase  vhich breaks  down c y c l i c  AM€',zo t hus  

causing an i n c r e a s e  i n  c y c l i c  AKP ava i l ab le  t o  h i s -  

tone k inase  which s p e c i f i c a l l y  phosphorylates his- 
tone f l . ' l  

i t y  would inc rease  t h e  degree of f l  phosphorylation 

and thus reduce d i v i s i o n  de lay .  Fur ther  i nves t iga -  

t i o n s  a r e  be ing  made t o  tes t  t h i s  hypothes is .  

Caf fe ine  is 

In  t u r n ,  increased  h i s tone  k inase  ac t iv -  
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TABm 2. 

Elstone 
f r a c t i o n  

fl 
f l  

fl 
f l  

f2U 

f2a2 

f2.2 

fZa2 

Cu l tu re  t t n i r t ad la t ed  
t rea tment  32~ /14~  control ( X I  

Pare 
X-I r rad ia t ion  

Caf f e i n t  

Caf fe ine  and 
X- i r rad ia t ion  

lone 
X-ir rad ia t ion  

Caffe ine  

Caffe ine  and 
X- i r r ad ia t ion  

0.226 

0.132 

0.282 

0.223 

0.176 

0.187 

0.172 

0.172 

100.00 
58.4 

100.0 

79.1 
100.0 
106.2 

100.0 

97.7 

aChinese hamster c u l t u r e s  ve e p re l abe led  f o r  tvo  
genera t ions  wi th  50 Ki of  “C-protein hydro lysa te  
p e r  l i t e r  c u l t u r e  t o  l a b e l  t h e i r  p r o t e i n s  uniformly. 
Cu l tu re s  t o  be  t r e a t e d  were X-irradiated v i t h  
800 r a d s l l  and/or sub jec t ed  t o  2 mM_ ca f fe ine .  
l amedia te ly  a f t e r  t rea tment ,  20 mCi of H 32P04 w a s  
added p e r  l i t e r  cu l tu re .  A f t e r  1 h r  i n  32P, t h e  
cells were harves ted  and h i s tones  ex t r ac t ed .2  The 
h i s tones  were f r a c t i o n a t e d  by r epa ra t ive  electro- 
phores i s  (Fig. 4). The t o t a l  and 32P counts 
p e r  minute (cpm) i n  t h e  tvo major phosphorylated 
h i s t o n e s  ( f l  and f2a2) vere summed. Phospho la- 
t i o n  rate was  expressed as t h e  r a t i o  of 1-hrr2P 
Incorpora t ion  t o  34-hr I 4 C  incorpora t ion .  

Synthes is  of Histones dur ing  t h e  C1-Phase of 
t h e  Mammalian L i fe  Cycle.-Experiments i n  t h i s  Lab- 
ora to ry  i n d i c a t e  t h a t  cel ls ,  when r e l eased  synchro- 

nously from an  i so l euc ine -de f i c i en t  s ta te  i n t o  t h e  

G phase of t h e  l i f e  cyc le  and then  i r r a d i a t e d ,  show 

a s i g n i f i c a n t l y  reduced d i v i s i o n  delay as compared 

v i t h  t h a t  observed i n  cells  i r r a d i a t e d  a t  s i m i l a r  

times i n  t h e  c e l l  cyc le  a f t e r  synchroniza t ion  by 

m i t o t i c  s e l e c t i o n .  

ment of h i s tones  in X-ray-induced d i v i s i o n  de lay ,  

we s t a r t e d  an i n v e s t i g a t i o n  of h i s t o n e  e t a b o l i s m  

In t h e  G 

i n v e s t i g a t i o n s  i n t o  t h e  mechanisms involved i n  reduc- 

t i o n  of X-ray-induced d i v l s i o n  de lay  by i so l euc ine  

def ic iency .  

1 

Because of t h e  poss ib l e  i n v o l w -  

phase t o  e s t a b l i s h  a foundation f o r  f u t u r e  
1 

When cells were synchronized i n  i so leuc ine-  
d e f i c l e n t  G - a r r e s t ,  t h e  rate of h i s t o n e  syn thes i s  

was  reduced, as expected, bu t  not t o  ze ro  (Fig. SA). 
A small but  d e t e c t a b l e  amount of syn thes i s  con- 

t i nued  f o r  up t o  50 h r  i n  t h e  absence of DNA syn- 

t h e s i s  (Fig. 6A) and wi thout  an i nc rease  i n  h i s t o n e  

mass (Fig. 5B). This  cont inuing  h i s t o n e  syn thes i s  

was t h e  r e s u l t  of h i s t o n e  turnover  i n  t h e  chrouat in  

1 

38 
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nom 
Synthes is  of h i s t o n e  f r a c t i o n s  f o l l w h g  
resuspension of c e l l s  i n  i so l euc ine -  
d e f i c i e n t  medium: ( A )  s p e c i f i c  a c t i v i t y  
of h i  one f r a c t i o n s  f o l l a v i n g  a 2-hr pu l se  
v i t h  “C-protein l a b e l i n g  mlxture contain- 
i n g  no  i so l euc ine ;  and ( B )  mass p e r  cel l  of 
each h i s t o n e  f r a c t i o n  recovered I n  t h e  
i s o l a t i o n  procedure.  

FIG. 5. 

I 
b D e I O O S  LO s s d o a s  Y, s s u )  

HOUR5 

FIG. 6 .  Turnover of pre labe led  DNA ( A ) ,  h i s t o n e  f l  
(B), and h i s tone  f2a2 (C) f o l l o v i n g  re- 
suspension of c e l l s  i n  i so l euc ine -  e f i c i e n t  
medium. DNA vas pre l abe led  w h [ HI- 
thymidine and h i s t o n e s  with (“C]amino 
a c i d  mixture.  T1/2 is t h e  h a l f - l i f e  of 
t h e  l o s s  of l4C-prelaSr 1. d h i s t o n e  f r o n  
t h e  chromatin froru 16 L C  56 h r .  
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(fig. 6B and C). 

were Ymured, w e  fotmd that h i s t o n e  f l  had t h e  

fuwt rate of  turnwer io cella a r r e s t e d  in C1 

( ~ d l e  3). 
less than  t h a t  prev ious ly  r e m u r e d  for f l  in expo- 

nenti.1 c u ~ t u r e s . ~ * ~  Because MA synthesis is 

corapletelp turned  off under t h e s e  conditions, nor- 
m a l  turnover of  histone f l  apparent ly  i r  n o t  

coupled i n  m y  ob l iga to ry  way to  DNA .ynthcsie. 
This complenrcntr and confirms conclusions drawn 

from X-ray studies8 In vhich we observed t h a t  f l  

tu rnover  could be rtopped by X- i r rad ia t ion  without 

s topp ing  DNA r e p l i c a t i o n .  

When the t.riour tu rnover  rates 

This t u m o v e r  rate i s  only s l i g h t l y  

19 

Loss o f  pre l abe led  h i s t o n e  w i t h  n o  l o s s  of pre- 

l abe led  DNA i n  G1-arrested cells (Fig. 6) i n d i c a t e s  

t h a t  t h e  DNA-histone complex is not  a static asso- 
c i a t i o n  i n  vivo b u t ,  r a t h e r ,  in equi l ibr ium v i t h  its 

component p a r t s .  Therefore ,  when h i s  tone syn thes i s  

occurs  i n  t h e  absence of DNA syn thes i s ,  t h e s e  newly 
synthes ized  h i s t o n e s  can exchange vith chromatin- 

bound h i s tones .  This i n t e r p r e t a t i o e  agrees v i t h  

conclusions ve have reached a f t e r  measuring signif- 

i c a n t  h i s t o n e  turnover  in c u l t u r e s  whose DNA syn- 
t h e s i s  was blocked by h igh  concent ra t ions  of 

A comparison vas made of h i s t o n e  syn thes i s  r a t e  

in c e l l s  a r r e s t e d  in C1 by i so l euc ine  def ic iency  

and cells a c t i v e l y  t r a v e r s i n g  t h e  GI phase follow- 

ing mfto t i c  s e l e c t i o n  (Fig. 7). The r a t e  of h i s -  

tone  syn thes i s  in GI-arrested c e l l s  vas  es t lmeted  

t o  be only 2 pe rcen t  of tt.at of an S-phase c e l l .  

TABLE 3. TURNOVER RATES OF HISTONE FRACTIONS DURING 

ISOLEUCINE-DEFICIENT GI-ARREST 

His tone 14C-p re l ab  e l ed  h i s  ton e ha I f  -1 if ea 
(hr) f r a c t i o n  - 

f l  

f2b 

f 2 a l  

f2a2 

f 3  

97 

127 

140 

187 

14 5 

Cells were labe led  with 14C-amino ac ids  f o r  2 days a 

t o  p r e l a b e l  t h e i r  p ro t e ins .  
resuspended i n  i s o l e u c i n e - d e f i c i e n t  medium without 
14C-amino a c i d s  and allowed t o  e n t e r  GI-arrest .  
Turnover rates were measured f o r  l o s s  of 14C-  
p re labe led  h i s t o n e  from t h e  chromatin dur ing  t h e  
perlod 16 t o  56 h r  i n  i so l euc ine -de f i c i en t  medium 
(as s h m n  I n  Fig. 6) .  

The cells were then 

FIG. 7. P repa ra t ive  e l ec t rophor  sis of whole h i s -  
tones  pre labe led  v i t h  [ 34 ) l y s i n e  and pulse- 
l a b e l e d  fur 2 h r  v i t h  [14C]lysine. 
tones  w e r e  i s o l a t e d  from cells i n  exponen- 
t i a l  gravth ( A ) ,  cells t r a v e r s i n g  G 1  pulsed 
from 1 to  3 h r - fo l lowing  synchroniza t ion  by 
m i t o t i c  s e l e c t i o n  (B), and cells a r r e s t e d  
In  GI pulsed from 34 t o  36 h r  fo l lowing  
resuspeps io i  i n  i so l euc ine -de f i c i en t  medim 
(C) . 

H i s -  

In GI cells traver6ir.g t h e  l i f e  cyc le ,  ve  could 

d e t e c t  a synthesis rate of only 3.5 t o  5.0 percen t  

of an S-phase cell (Table 4). 
clude t h a t  t h e  hi& 'rate of h i s t o n e  s y n t h e s i s  dur- 

ing thymidine blockide observed i n  many d i f f e r e n t  

l a b o r a t o r i e s  r ep r r s :  .ts S-phase h i s t o n e  syn thes i s  

even thougk DNA syn thes i s  cannot proceed because 
of  feedback i rdr ib i t fon  of deoxycytidine phosphate 

syn thes i s .  

a r r e s t e d  G 

f u r t h e r  cha rac t e r f zes  t h e  i s o l e u c i n e d e f i c i e n t  

synchronized cells is t r u l y  Cl i n  na tu re .  

Therefore,  ve  con- 

The 1- rate of h i s tone  syn thes i s  i n  

cells as.1 i n  normal t r a v e r s i n g  G1 cells  1 

Phosphorylat :.:m of Histone F rac t ions  dur ing  the  

Cell Cycle.--Radiation experiments In  t h i s  Labora- 

to ry  show t h a t  h i s tone  f l  phosphorylation is radio- 
s e n s i t i v e ,  v h i l e  h i r t o n e  f2e2 phosphorylation is 

As a r e s u l t ,  ve conclude t h a t  phosphoryla- 

t i o n  of t hese  NO pi.oteins is r e l a t e d  t o  two d i f f e r -  

e n t  func t ions  in v i v 5  By r e l a t i n g  h i s tone  plios- 
phorp la t ion  t o  ce l l - cyc le  p o s i t i o n ,  we have added 
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TABLE 4. U T S I S  OF RADIOAR'IVITX I10 DOUBLE-LbBELeD ELSTONE FRACTIOHS PREPARED BY PREPWIVE KLECl'RO- 
PEoRES1sa 

"C Putme Theoretid 
Elstorre Pulse- ( X  of exponent ia l  S phaseb 1% Pulse  
fraction &bel (cpm) v t h )  14c p u h e  (cpm) ( x  of s phase1  

Exponent ia l  grwth 

nil 11,941 46 , 331 - 
fa2 + ab 22,302 86,532 - 
n 15,347 - 59,546 - 
fl 18,219 70,690 - 

Traversing G1 

f2al 
f2a2 + f2b 

f3 
f l  

Arres ted  G1 

n8l 
f2.2 + f2b 

f3 
fl 

% k e n  from Pig. 7. 

bhsrrming an exponent ia l  c u l t u r e  conta ins  
a11 S-phase cells  should inco rpora t e  3.88 

2,478 20.6 

3,036 13.6 

2,079 19.4 

2 , 707 14.9 

1,069 

1,429 
1,263 

1,873 

9.1 

6.4 

8.2 

10.3 

5.3 

3.5 
5 .o 
3.8 

2.3 

1.7 

2.1 
2.6 

25.8 percent  of i t s  popula t ion  i n  S phase,  a c u l t u r e  conta in ing  
times the  14C-lysine of t h e  exponent ia l  c u l t u r e .  

more support  t o  t h i s  conclusion. When h i s tone  phos- 

phory la t ion  was  measured i n  cel ls  a r r e s t e d  i n  G 1  by 

i so l euc ine  de f i c i ency ,  we found t h a t  h i s tone  f l  

phosphorylation w a s  e s s e n t i a l l y  non-existent ( see  

Fig. 8A). 

phorylated in G1-arrest (Fig. 8 B ) .  

cells were r e l eased  from GI-arrest a n d  allwed to  

t r a v e r s e  t h e  c e l l  cyc le ,  t h e i r  h i s tone  f l  phospho- 

r y l a t i o n  remained i n a c t i v e  (Fig. 9 0 ,  while h i r t o n e  

f2a2 phosphorylation continued a c t i v e  (Fig.  9B). 

Hwever ,  vhen t h e s e  cells e n t e r  t h e  S phase,  h i s tone  

f l  phosphorylation became a c t i v e  (Fig. lOA), and 

h i s t o n e  f 2 a l  phosphorylation remained a c t i v e  i n  t h e  

S phase (Fig.  10B). These experiment8 demonstrate 

t h a t  h i s t o n e  f l  phosphorylation i s  ce l l - cyc le  

dependent, no t  occur r ing  i n  GI but r a t h e r  in S, 
whi le  h i s t o n e  f2a2 phosphorylation is ce l l -cyc le  

independent,  occur r ing  at a l l  times measured. We 

can ana lyze  these  observa t ions  i n  r e l a t i o n  t o  knw-  

ledge  acqui red  i n  t h i s  Laboratory on t h e  Chinese 
hamster cel l  l i n e  2-6*8-10*18,19 and draw s e v e r a l  

conclusions : 

Bowever, h i s tone  f2a2 was a c t i v e l y  phos- 

When these  

(1) Histone f2a2 phosphorylation i s  

independent of fZa2 syn thes i s ,  occu r r ing  at equa l  

rates i n  C1phase when f2a2  s y n t h e s i s  is extremely 

lcw and a l s o  occurr ing  i n  S phase when f2a2 synthe- 

sis is a c t i v e .  
(2) Histone f2a2 phosphorylation is 

pendent of h i s t o n e  f l  phosphorylation i n  S P h r o -  

n ized  cells  and i n  X- i r rad ia ted  cells .  

(3) Histone fZa2 phosphorylation is indepen- 

dent  of DNA syn thes i s ,  occu r r ing  at equal r a t e s  i n  

Gl phase when DNA s y n t h e s i s  is extremely lw and 

a l s o  i n  S phase when DNA s y n t h e s i s  is a c t i v e .  

(4) Histone f l  phosphorylation is a n  S-phase 

phenomenon but  is not d i r e c t l y  involved i n  e i t h e r  

DNA r e p l i c a t i o n  o r  f l  syn thes i s  because f l  phos- 

phory la t ion  is i n h i b i t e d  by X- i r rad ia t ion ,  bu t  

n e i t h e r  DNA syn thes i s  nor f l  s y n t h e s i s  is a f f e c t e d  

by t h i s  t rea tment .  

( 5 )  Histone f l  tu rnover  does no t  r e q u i r e  f l  
phosphorylation, as f l  phosphorylation is absent  
i n  cells he ld  i n  i so l euc ine -de f i c i en t  C1-arrest, a 

s ta te  we have shown t o  e x h i b i t  f l  tu rnover  (Fig.  6 ) .  

k g a n Z 1  has  r ecen t ly  presented  a model f o r  
ind,ih-tfon of Rh'A syn thes i s  Involv ing  h i s tone  

. 
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FIG. 8. P r e p a r a t i v e  e l e c t r o p h o r e s i s  of h i s t o n e s  
from cells a r r e s t e d  i n  t h e  G 1  state by l e e  
l e u c i n e  depr iva t ion .  Ind iv idua l  lys ine-  
rich h i s t o n e  f r a c t i o n s  (A) and arginine-  , 

rich f r a c t i o n s  (B) are i n d i c a t e d  by t h e  
[3H]lysine long-term incorpora t ion .  The 
degree  of  phosphorylat ion of each f r a c t i o n  
is i n d i c a t e d  by t h e  [32P]phosphate 1-hr 
p u l s e  l n c o r p o r a t i c n .  
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i 
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e . 
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FIG. 9 .  P r e p a r a t i v e  e l e c t r o p h o r e s i s  of  h i s t o n e s  
f rw cells t r a v e r s i n g  t h e  G 1  phase 2 h r  
fol lowing release from synchronizat ion by 
t h e  i s o l e u c i n e  d e p r i v a t i o n  method. The 
i n d i v i d u a l  lys ine- r ich  h i5 tone  f r a c t i o n s  
(A) and arg in ine- r ich  h i s t o n e  f r a c t i o n s  
(B) are Indica ted  by t h e  [3H]lysine long- 
term Incorporat ion.  The degree of phos- 
phory la t ion  of each f r a c t i o n  is ind ica ted  
by t h e  [32P]phosphate 1-hr pu lse  incorpora- 
t i o n .  

FIG. 10. Prepara t ive  e l e c t r o p h o r e s i s  of h i s t o n e s  
from cells t r a v e r s i n g  t h e  S phase 10 h r  
fol lowing release from synchronizat ion by 
t h e  i so leuc ine  d e p r i v a t i o n  method. The 
i n d i v i d u a l  lys ine- r ich  h i s t o n e  f r a c t i o n s  
(A) and arg in ine- r ich  h i s t o n e  f r a c t i o n s  
(B) are Indica ted  by t h e  [%]lysfne  long- 
term incorpora t ion .  
phory la t  n of each f r a c t i o n  i s  i n d i c a t e d  
by t h e  [ Flphosphate  1-hr p u l s e  incor -  
pora t ion .  

The degree of phos- 

3s 

phosphorylat ion.  Io t h i s  model, i n t e r a c t i o n  between 

DNA and h i s t o n e  is weakened by phosphorylat ion of 
h i s t o n e s ,  r e s u l t i n g  i n  a derepress ion  of  t h e  DNA 
template .  

h i s t o n e  fl phosphorylat ion is n o t  involved i n  such 

a c o n t r o l  mechanism, as i t  does not  occur i n  G1 vhen 

RNA s y n t h e s i s  is very active. We f e e l  t h a t  f2a2 

phosphorylation. vhich does occur  i n  G1, should 

cont inue t o  be considered i n  such models concerning 

a c t i v a t i o n  of  DNA template  a c t i v i t y .  

We conclude from our  i n v e s t i g a t i o n s  t h a t  

The S-phase-specific phosphorylat ion of h i s t o n e  

f l  has  l e d  t o  specula t ions  t h a t  h i s t o n e  f l  phos- 

phory la t ion  i s  involved i n  DNA r e p l l c a t i o n .  

mtudies us ing  X- i r rad ia t ion ,  w e  conclude t h a t  t h i s  

is n o t  t h e  case." The c a f f e i n e  amel iora t ion  of 

X-ray-induced d i v i s i o n  de lay  and X-ray-induced 

h i s t o n e  f l  phosphorylat ion reduct ion  sugges ts  t h a t  

ve look f o r  an involvement of h i s t o n e  fl phospho- 

r y l a t i o n  i n  ce l l  d i v i s i o n .  

From 
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D e t a i l e d  Analysis of Biochemical Events Associated 

v i t h  -1ian DNA Repl ica t ion  

Regulation of mammalian c e l l  p r o l i f e r a t i o n  is 
dependent t o  8 l a r g e  ex ten t  upon t h e  capac i ty  f o r  

i n l t l a t l o n  of DNA r e p l i c a t i o n  ( t h a t  is, gene ra l ly  

i f  a ce l l  can r e p l i c a t e  Its DNA, I t  can a l s o  d iv ide ) .  

Very l l t t l e  is known about t h e  biochemical events  i n  

G 

r e p l l c a t i o n  of its gene t i c  material, although such 

processes most l i k e l y  p lay  an i n t e g r a l  r o l e  i n  t h e  

mechanisms whlch r e g u l a t e  DNA s y n t h e s i s  and ce l l  
p r o l i f e r a t i o n .  

i n a b i l i t y  t o  produce s u f f i c i e n t  q u a n t i t i e s  of pure 

C cells synchronously prepar ing  for ce l l  d i v i s i o n .  
We have developed a technique by which we can exam- 

i n e  both p repa ra t ive  processes  occurr ing  dur ing  GI 

and boundary processes and biochemical opera t ions  
coordinated with genome r e p l i c a t i o n  and l a t e  

and at t h e  C /S boundary t h a t  prepare  a c e l l  f o r  1 1 

P a r t  of t h e  d i f f i c u l t y  stems from an 

1 
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fnterphue. In rddition, 8 eoqarbon ta mde of . 
the per tu rba t ion  introduced into ce l l -cyc le  p r o v e s -  

m i o n  capac i ty  r e s u l t i n g  from this and other tech- 
piques used f o r  qnchrony Induction. 

Large q u l n t i t l e e  ( l imi t ed  only by .ire of 
c u l t u r e  vessel) of Chinese lumter cella, l ine CBO, 

n y  be  m e a t e d  r eve r s ib ly  in e a r l y  G1 by cultiva- 
t i o n  Sa i s o l e u c i n c d e f i c i e n t  F-10 r d i l r m .  Tbme 

cells do not e n t e r  a atate  of grass b i o c h d c d  im- 
balance wen though b iosyn the t i c  cclpacities f o r  

n j o r  cl.sses of macrawlecules  (except DNA) remuia 
at high levels. Res tora t ion  of  i so l euc ine  in t h e  - 
a m s t e d  c u l t u r e  r e s u l t s  in synchrono~~ resumption 

of cell progression.'  I f  hydroxyurea 
d d c d  a t  t h e  time of i s o l e u c i n e  r e s t o r a t i o n ,  the 

previous ly  a r r e s t e d  cells traverse C1 bu t  are unable 

to  coIpIence DNA synthesis,2 .B evidenced by t h e  

l ack  of l a b e l i n g  of DNA with %-thymidine and l ack  

of i nc rease  i n  relative DM content  as determined 

by flow d c r o f l u o r w c t r y  (Fig. U). Upon removal 
of hydroxgurea after 10 h r ,  t h e  cells begin synthe- 

sizing DNA almost h d i a t e l y  and subsequently 

d iv ide  i n  a h i g l y  synchronous fashion (Fig. 1B). 
Thus, c e l l s  r e l eased  from isoleucine-mediated G - 

1 
arrest i n  t h e  presence of hydroxyurea accumulate i n  

very late G1, and this techniques provides a unique 

opportunity t o  s tudy  even t s  i n  G1 which prepare a 

c e l l  f o r  DNA syn thes i s .  The nea r ly  immediate en t ry  
i n t o  S phase following hydroxyurea removal provides 

8 second s t a g e  which can be exp lo i t ed  f o r  s t u d i e s  

Of t r a n s i t i o n  processes  and S- and/or C - co r re l a t ed  

events .  

E) ie 

2 

Because such populations a r e  subjec ted  t o  two 

d i s c r e t e  biochemical i n s u l t s  ( c u l t i v a t i o n  i n  

i so l euc ine -de f i c i en t  medium and exposure t o  hydroxy- 

u rea ) ,  ques t ions  arise regard ing  e f f e c t s  of t h e  

synchronizing p ro toco l  on capac i ty  of t h e  population 

t o  ca r ry  out mubsequent ce l l - cyc le  opera t ions .  A 

technique is requi red  t h a t  w i l l  provide 8 population 

d i s t r i b u t i o n  neasure of a b a s i c  cyc le-spec i f ic  pro- 

cess, y ie ld ing  information on c a p a b i l i t i e s  of i nd i -  

v i d u a l  cells i n  t h e  popula t ion .  

ical measurements of b iosyn the t i c  c a p a c i t i e s  a r e  
no t  e s p e c i a l l y  use fu l ,  as they y i e l d  only  popula- 

t i o n  averages r a t h e r  than ind iv fdua l  c e l l  responses.  

Standard b i o c h e p  

We have developpd a technique which measures 

t h e  capac i ty  of populations t o  ca r ry  out ce l l - cyc le  

progression subsequent t o  synchroniza t ion  by 

F I G .  1. 

a001 , . , , , , , 

ItOUUS * i n R  RWWAL Or WDRCD(VUREA 

Evidence f o r  r e v e r s i b l e  accumulation of 
cells at t h e  G1/S boundary by t h e  iso- 
l euc ine  def ic iencyhydroxyurea  technique. 
Chinese hamster l i n e  CHO c e l l s  c u l t i v a t e d  
f o r  30 h r  i n  i s o l e u c i n e - d e f i c i e n t  F-10 
medium v e r e  resuspended i n  f r e s h  complete 
medium containing i so l euc ine  and hydroxy- 
urea  to  M f o r  10 h r ,  at which t i m e  
an a l i q u o t  vas removed f o r  f l o v  micro- 
f luorometr ic  a n a l y s i s  ( A ) .  Broken l i n e s  
r ep resen t  v d u e s  f o r  G 1  (2C) and G2 + M 
(4C) DNA ca lcu la t ed  from con t ro l s .  I-- 
d i a t e l y  t h e r e a f t e r  t h e  c e l l s  were spun 
down, washed, and resuspended i n  f r e s h  
medium without hydroxyurea. A t  times 
t h e r e a f t e r  a l iquo t s  were pu l s  l abe led  f o r  
U-Prfn periocs with 2 u C i / m l  %-thymidine. 
and autoradiographs were prepared f o r  
determination of labe led  f r a c t i o n s  (open 
f i g u r e s ) .  Aliquots were a l s o  removed f o r  
determination of c e l l  n u d e r  with an e lec-  
t r o n i c  p a r t i c l e  counter ( so l id  f igu res ) .  
Divided f r a c t i o n s  represent  N/No - 1. 

l o c a l i z a t i o n  of  cells in t h e  c e l l  cyc le  based upon 

relative DNA content- as determined with the  flow 

m l c r ~ f l u o r o m e r e r . ~  

involv ing  a v a r i e t y  of synchronizing techniques,  t he  

vast major i ty  of cells  t r ave r sed  t h e  cel l  cycle i n  
a normal fash ion;  houever, in a l l  c u l t u r e s  t h e r e  

remained small subpopulations vhich ,  though remain- 

i n g  v i a b l e  f o r  several days ,  could not carry out 

normal cyc le  progression. 

Figure 2 A  s h w s  t h e  f l o v  microfluorometric DNA 

In a l l  c u l t u r e s  s tud ied  t o  date  

d i s t r i b u t i o n  p a t t e r n  from a c u l t u r e  prepared by 

4 3  
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FIG. 2. DNA d i s t r i b u t i o n  p a t t e r n  shcuing non- 

t r a v e r s i n g  f r a c t i o n  of c e l l s  i n  a c u l t u r e  
prepared by m i t o t i c  s e l ec t ion .  Broken 
l i n e s  r ep resen t  va lues  f o r  GI (2C) and 
C2 + H (4C) DNA ca l cu la t ed  from con t ro l s .  
Cells were prepared by m i t o t i c  s e l e c t i o n  
vith no drugs o r  temperature depress ion  
(DNA p a t t e r n  shown i n  A) and were allowed 
t o  continue ce l l -cyc le  t r a v e r s e  i n  sus- 
pension c u l t u r e .  Colcemid was added a t  
9 h r  ( 0 . 2  ug/ml), and an a l i q u o t  was 
analyzed for DNA d i s t r i b u t i o n  p a t t e r n  a t  
18 h r  (B). 

m i t o t i c  s e l e c t i o n .  

tu rbed  i n  a biochemical sense. A l l  c e l l s  possessed 

t h e  4C DNA conten t  expected f o r  m i t o t i c  cells. 

Fol loving  s e l e c t i o n ,  t he  cells  were placed i n  a 

sp inne r  c u l t u r e  t o  allow continued traverse of t h e  

ce l l  cyc le .  

caped from mi tos i s  and en tered  G I ,  colcemid was 
added 9 h r  l a t e r  t o  arrest nonually t r a v e r s i n g  cells  

i n  m i t o s i s  a n d  t o  prevent  t h e i r  r e e n t e r i n g  G1 and 

obscuring d e t e c t i o n  of slowly o r  non-progressing 

subpopulations.  Analysis of  r e l a t i v e  popula t ion  

DNA con ten t s  a t  18 h r  revea led  a small subpopulation 

with a G I  DNA con ten t ,  c l e a r l y  d i s t i n c t  from the  

bulk of t h e  popula t ion  which possessed t h e  DNA con- 

t e n t  expected of cells  a r r e s t e d  i n  m i t o s i s .  The 

non-traversing subf rac t ion  comprised 5 . 5  percent  of 

t h e  popula t ion ,  was h ighly  reproducib le ,  and 

Such cells are minimally per- 

Af t e r  a l l  t h e  detached c e l l s  had es- 

rc rv ined  v i a b l e  for at h t  40 h r  wi thout  e n t e r i n g  

S phase. Corresponding values for  non-traversing 

fractions Induced by a variety of ~ y n c h r o d r a t i o n  

, technique8 are a h a m  In  Table 1. 
that t h e  combination of k o l e u c i a e  de f i c i ency  and 

hydroryurea produced 00 greater per turbed  f r a c t i o n  

than isoleucine deprivmtion a lone .  

It is of  i n t e r e s t  

A tern "traverse pe r tuba t ion  Index" is pro- 

posed which ir def ined  AS t h e  fraction of cells 
c a n v k t e d  t o  a s l w l y  or ncm-progressing state as 
the  result of e r p e r i r n t a l  manipulation. 

mination of t h i s  value d l w s  direct comparison of 
e f f e c t s  on ce l l - cyc le  traverse either induced by 

d i f f e r e n t  p ro toco l s  in t h e  same cell  l i n e  o r  in -  

duced by a c-on p ro toco l  in d i f f e r e n t  cell l i n e s .  

Eased upon t h e  d a t a  presented  in Table 1, we con- 
c lude  t h a t  t h e  i so l euc ine  def ic i tncy/hydroxyurea  

t rea tment  doe8 no t  g ross ly  pe r tu rb  ce l l - cyc le  

+ raveme  capac i ty .  This technique r ep resen t s  a 
major ImprovelPent i n  technique f o r  t h e  s tudy  of 

events  involved v l t h  DNA r e p l i c a t i o n  and regula- 

t i o n  of ce l l  p r o l i f e r a t i o n .  

Deter- 
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TABLE 1. EFFECT OF DIFFERENT SYNCHRONY INDUCTION 

TECHNIQUES ON SUBSEQUENT CELL-CYCLE 

TRAVERSE CAPACITY 

Traverse 
Pe r t  u rba t iun  

Method o f  synchroniza t ion  Index 

0.055 M t o t i c  s e l e c t i o n  

I so l euc ine  def ic iency  0.124 
I so leuc ine  def iciency/hydroxyurea 0.120 
Iso leuc ine  de f i c i ency / s ing le  thymidine 

blockade 0.134 

Double thynddlne blockade 0.170 
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SUILpAcE PXENONENA AND cI?LLuLAR INTERACrIrn 

(P. M. Krrcmer, E. A. cfisspu1, and H. A. Van Dill.) 

?low Uicrof luorometr ic  ,(P") Stud ies  of Lec t in  Bind- 

ing t o  Mammalian Cells 

Lect in6  such as concanavalin A (Con A) and 

*cat germ a g g l u t i n i n  WW) seme as use fu r  reagents  

in s t u d i e s  of  t h e  ce l l  s u r f a c e  because they bind 

. p c c i f i c i l l y  t o  ce l l - su r face  sugar -ictics.l ~n 
8- cases b ind ing  causes d l u l a r  agg lu t ina t ion ,  
and i n  o t h e r  cases i t  does not .  2 

P l w  mlcmfluorometry (FPIP) techniques were 
used t o  q u a n t i t a t e  cell-surface b inding  of f luores-  

cein conjugated lectins (Can A-F and WGA-F) t o  a 

v i d e  v a r i e t y  of cu l tu red  cell popula t ions .  These 
prepa ra t ions  inc luded  e s t a b l i s h e d  cel l  l i n e s  CXO, 

&La, and L as w e l l  as euplo id  cell s t r a i n s  and 

tumor Virus tran$formants.  

such .8 ce l l - cyc le  p o s i t i o n ,  c e l l  size, and t h e  

e f f e c t s  of pre t rea tment  of t h e  cells  with enzymes 
were s tud ied .  The p repa ra t ions  were rou t ine ly  

monitored by f luorescence  microscopy before  FMF 

ana lys i s  t o  a s c e r t a l n  l o c a l i z a t i o n  of b inding  t o  

t h e  cel l  su r face .  

In add i t ion ,  va r i ab le s  

Figure 1 illustrates t h e  k i n e t i c s  of b inding  

of Con A-F t o  CHO cells.  Frequency d i s t r i b u t i o n s  

of ce l l - su r face  binding, such as those  i l l u s t r a t e d  

i n  pig. lii, are slmnnarized i n  Fig.  u. It is evi -  

dent  t h a t  s a t u r a t i o n  of ce l l - sur face  sites occurred 

by 3 h r  exposure and t h a t  modal ce l l - su r face  f lu -  

orescence, a t  s a t u r a t i o n ,  can be used t o  s u w a r i z e  

binding f o r  any given c e l l  popula t ion .  

Figure 2 i l l u s t r a t e s  t h e  ana lys i s  of b inding  

of Con A-F t o  CHO c e l l s  synchronized by m i t o t i c  

s e l ec t ion .  When t h e  d a t a  were aaalyzed t o  n u l l i f y  

t h e  changes i n  cel l  s i z e ,  w e  concluded t h a t  t h e  

sur face  dens i ty  of b inding  sites w a s  remarkably 

uniform throughout t h e  d i v i s i o n  cyc le .  

Chemical he te rogenei ty  of b inding  sites on 

each i n d i v i d u a l  CHO ce l l  was ind ica t ed  by s p e c i f i c  

inhibition of Con A-F b inding  by a-methyl manno- 

pyranoside. 

i n g  i n  t h e  presence  of 2-fold inc reases  i n  added 

inh ib i to r .  Because t h e  a c t i v e  si tes of Con A a r e  

h ~ m o g e n e o u s , ~  if t h e  c e l l u l a r  binding sites were 

also homogeneous, one would expect b inding  t o  de- 

crease t o  one-half f o r  each increment;  t h i s  d i d  not 

occur. 

Figure 3 i l l u s t r a t e s  s a t u r a t i o n  bind- 

CELL SURFACE FLUORESCENCE 
(ARBITRARY UNITS 1 

I6 I I I 
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CON A-F BINDING AT 0.C (MINUTES 1 

PIC.  1. Fluorescence d i s t r i b u t i o n  of CHO c e l l s  
e rpos rd  to  Con A-F a t  O°C f o r  15 min and 
f o r  90 min (A). Modal c e l l u l a r  f l uo res -  
cence of CHO c e l l s  exposed t o  Con A-F a t  
O'C f o r  var ious  t imes (B). 

- 
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FLUORESCENCE 

COMPUTED MODAL CELL - SURFACE AREA - 
6 I I 1 I .0.5 
0 4 8 12 I6 

FIG. 2.  

In 

n a b i l i t y  

HOURS IN CULTURE 

Modal ' ce l l - sur face  f luorescence ,  computed 
modal ce l l - su r face  area, and r a t i o  of 
fluorescence-to-area f o r  CHO c e l l s  synchro- 
n ized  by m i t o t i c  s e l e c t i o n  and re leased  
i n t o  f r e sh  warm medium at  ze ro  t i m e .  

confirmation of o the r  ~ o r k e r s , ~  agg lu t i -  

of virus-transformed c e l l  l i n e s  o r  

45 



-' 177 949-959 (1972). 

FIG. 3. 

6mc 

I 
W 
0 
(r 4OOc 
0 

8 

2000 

f 

0 

FIG. 4. 

1 I 
0 25 50 100 . x K )  

pg METHYL 8 - 0  MANNOPYRANOSIM 

Modal c e l l u l a r  fluorescence of CHO cells 
exposed t o  Con A-P under s tandard  condi- 
tions b u t  v i t h  add i t ion  of var ious  amounts 
of O-methyl iaannoppranoside. 

PRETREATED WITH IO0 po WGA , 
THEN CON A - F  
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CELL SURiACE FLUORESCENCE 
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Fluorescence d i e t r i b u t i o n s  of groving CHO 
cells exposed t o  Con A-F m d e r  s tandard  
cond i t ions ,  wi th  or without p r i o r  exposure 
t o  unconjugated WGA. 

t ryps in - t r ea t ed  p a r e n t a l  l i n e s  w a s  demonstrated but  

could not  be c o r r e l a t e d  wi th  Con A-F o r  WGA-F bind- 

ing. Ozanne and Sambrooks' d a t a  on SV3T3 cel ls  
Ind ica t ed  t h a t  Con A and WGA sites vere independent; 

we have come to a s i m i l a r  conclusion f o r  mouse L 
cells. tlmmver, r e c i p r o c a l  i n h i b i t i o n  was demon- 

s t r a t e d  f o r  CHO and HeLa c e l l s .  

iment is i l l u s t r a t e d  i n  Fig.  4. 

4 

One such exper- 
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(BRamSm STRUCTURE m FuNcr'IoN 

(B. J. Barnhart, C. E. El ldebrand ,  L. L. Dtamn,  

R. T. Oklnaka, R. A. Tobey, 0. F. Peteroen ,  S. E. 
COX, and P. C. Sanders) 

DNA-Membrane Assoc ia t ions  in  Cultured Chinese Ham- 
h e r  Cells: 
. n d  i ts Involvement in Temporal and S p a t i a l  Organ- 

i z a t i o n  of DNA i n  t h e  Nucleus 

Nature of t h e  DNA-Membrane Assoc ia t ion  

The f i d e l i t y  of chromoscute dup l i ca t ion  in 

pamalim cells impl ies  a l a r g e  degree of organiza- 

t i o n  f o r  r e p l i c a t i o n  of DNA, packaging of DNA i n t o  

chromatin, condensation of chrouat in  t o  form chro- 

mosomes, m d  seg rega t i cn  of chromosomes du r ing  
l a i to s i s .  It i s  l i k e l y  t h a t  w e l l  r egu la t ed  temporal 

and s p a t i a l  con t ro l s  are requi red  f o r  t h e s e  pro- - 
cesses. 

Temporal o rgan iza t ion  of DNA r e p l i c a t i o n  and 

chromosome segrega t ion  is ind ica t ed  by r e s t r i c t i o n  
of t hese  processes t o  s p e c i f f c  p a r t s  of t h e  ce l l  

growth (S phase) and d i v i s i o n  cyc le  (M). Fur the r ,  
temporal c o n t r o l  of DNA r e p l i c a t i o n  wi th in  S phase 

has been documented by evidence from both  cytolog- 

ical and biochcmical S p a t i a l  organiza- 

t i o n  of DNA is i n p l i e d  in t h e  f i n d i n g  t h a t  DNA ( o r  

chromatin) is a t t ached  to  t h e  nuc lea r  membrane a t  
m l t i p l e  sites. 3-16 T M s  evidence was obta ined  by 

both biochemical and e l e c t r o n  microscopic tech- 

n iques .  

suggested t h a t  newly r e p l i c a t e d  DNA wes found pre- 

dominantly i n  DNA-membrane complexes. 
o f  t h i s  evidence, i t  W 8 s  concluded t h a t  DNA r e p l i c a -  

t i o n  sites are a t tached .  t o  t h e  nuc lea r  membrane. 

More r e c e n t l y ,  s e v e r a l  l a b o r a t o r i e s  have repor ted  

f ind ings  which are at var iance  with t h i s  

Resul t s  of s e v e r a l  of t h e s e  s t u d i e s  6-11 

On t h e  b a s i s  

L 

46 



coaclunian. 12-18 In oicv of these s t u d i e s ,  It l e  

d i k e l y  that DNA-drure 8tt8chPnnt sites are 
d i r e c t l y  involved i n  t c p l i c a t i o n  of DNA. Bowever, 
the p o s s i b i l i t y  t h a t  i n i t i a t i o n  of  DNA r e p l i c a t i o n  

t8kes p h c e  8t t h e  membrme 8 t t achneo t  s i t e  is sug- 

m a t e d  by several of these studies. 19*15*16 
of DNA-mbrane c c q d e a e e  In cu l tu red  Chinese ham- 

8ter ovary (CtlO) cells haw been made in an effort 
to examine t h e  na tu re  of t h e  canpl txes  m d  t o  inves- 

tieate t h e i r  func t iona l  r o l e  in t h e  p r o c w e w  I rn-  
t l oned  abwe. 

Studies  

l t to independent techniques have been used t o  

Isolate and cha rac t e r i ze  DNA-membrane complexes of 
CEO cells. These oethods inc lude  (a) t h e  M-band 

procedure developed by Earhar t  et &.19 vhich 

u t i l i z e s  attachment of ueabrane fragments t o  

c r y s t a l s  of de t e rgen t  , sodium l au roy l  s a r c o s i n a t e  

( sa rkosy l ) ,  formed i n  t h e  presence of MP ions, 
m d  (b) sucrose  g r rd i en t  sedimentation of c e l l s  or 
n u c l e i  d i s rup ted  by l i d t e d  son ica t ion .  

experiments were performed t o  test f o r  nonspec i f ic  

attachment of f r e e  DNA or chromatin t o  sa rkosy l  

c r y s t a l s .  In  these  s t u d i e s  unlabeled, exponent ia l ly  

grauing QIO cells were harves ted  and washed by re- 
suepension and cen t r i fuga t ion  i n  TK buf fe r  a t  O'C 

(0.01n Tris-C1 (pH 7 .1  a t  2SoC), 0.1 p! K C l ]  and 

lyeed a t  a concent ra t ion  of 10 ce l l s /ml  i n  TK buf- 

f e r  with 0.1 percent  sa rkosyl .  E i t h e r  3H- thy~c i ine  

(TdR) l abe led  DNA or 3H-TdR l abe led  chromatin i n  

TK buf fe r  w a s  mixed with t h e  cel l  l y s a t e .  Sarko- 

syl crystals were formed by add i t ion  of 1.0 E HeCIZ 

t o  a f i n a l  concent ra t ion  of 0.01 E .  A l l  opera t ions  

were performed at OaC. 

i s o l a t e d  i n  discontinuous sucrose  g rad ien t s  [ 6  m l  

20 percent sucrose (v/w) Over 4 m l  47 percent  su- 

c rose  (w/w) i n  TKM b u f f e r  (0.01 T r i s - C 1  (pH 7.1 
at 25.C) , 0.1 ICCl,  0.01 fi MgCIZ)] by cent r i fuga-  

t i o n  i n  a Spinco W41 rotor at  15,000 rpm f o r  

20 min i n  a Beckman L3-SO prepa ra t ive  u l t r a c e n t r i -  

fuge at 4'C. 

20147 percent sucrose  i n t e r f a c e ,  and t h e  g rad ien t s  

were f r ac t iona ted  from t h e  top .  Frac t ions  were 

p r e c i p i t a t e d  by add i t ion  of 10 percent  TCA (tri- 
ch lo roace t i c  ac id )  ,> and 0.01 E sodium pyrophosphate 
and were assayed by f i l t r a t i o n  through Whatman GF- 

82 g las s  f i b e r  f i l t e r s .  F i l t e r s  were washed with 

5 percent TCA and 0.01 pyrophosphate, d r i e d ,  and 

counted i n  toluene-POPOP-PPO l i q u i d  s c i n t i l l a t i o n  

Severa l  

6 

The sa rkosy l  c r y s t a l s  were 

Sarkosyl c r y s t a l s  sedimented t o  t h e  

C O ~ ~ t i n g  f l u i d  in a Paclrard l i q u i d  e c i n t i l l a t i o n  

spectrocleter.  

sham in Table 1. It l e  clear from t h e s e  results 
t h a t  very l i t t l e  nonspec i f ic  aggrega t ion  of free or 
denatured DNA or &-tin t akes  p l ace .  

Sub jec t ing  t h e  s-les t o  8hear  by vo r t ex  mix- 

Results O f  t h e s e  experiments are 

i n g  befo re  or a f t e r  crystal formation reduces t h e  

level of nonspecific attachment conpared vith t h e  
unsheared sample. ?or the c o n t r o l  sample, whole 

cells or n u c l e i  ( I so l a t ed  e i t h e r  by 14"-40 t rea tment  

of whole cells or by hypotonic swe l l ing  fo l lwed  by 

Dounce homogenization), t h e  DNA of which vas unl- 
f o d y  p re l abe led  sitb h-TdR, were c a r r i e d  through 

t h e  sa rkosy l  l y s i s  , shea r  , and c r y a t a l l i z a t i o n  pro- 

cedures accord ing  t o  t h e  preceding  pro tocol .  

i a g  t h e  samples before  or a f t e r  crystals a r e  formed 

apparent ly  removes IUA or chromatin not  c l o s e l y  

a s soc ia t ed  wi th  t h e  membrane f r a c t i o n .  Even a f t e r  

vo r t ex  mixlng, 80 to  90 percen t  of t h e  t o t a l  mem- 
brane as assayed by H-choline inco rpora t ion  i n t o  

membranes r e m i n s  v i t h  t h e  sarkosyl c r y s t a l s .  

Shear- 

3 

To study t h e  macromolecular na tu re  of t h e  

s t r u c t u r e  of t h e  DNA membrane complex, both t h e  M- 
band technique and sucrose  g rad ien t  sed imenta t ion  

of s o n i c a l l y  d is rupted  cel ls  or n u c l e i  were used t o  

detcrmice t h e  s e n s i t i v i t y  of t h e  complex t o  var- 

lous  agents .  Results of t h e  M-band a n a l y s i s  f o r  

t hese  t rea tments  a re  shown i n  Table 2 .  The two 

types of a s s a y  produced q u a l i t a t i v e l y  s i m i l a r  re- 
s u l t s  f o r  a l l  agents examined. I n  add i t ion  t o  

TABLE 1. NONSPECIFlC ATTACHMENT OF FREE OR 

DENATURED DNA OR CHROMATIN TO SARKOSYL 
CRYSTALS 

To ta l  TCA-precipitable, l a b e l  in 
sa rkosy l  c r y s t a l s  (percent )  

No vor t ex  Vortex mixing 
S a m p l e -  m i x i n g  (20 s e c )  

Whole cells  or 
nuc le i  p re labe led  . 
with 3H-TdR 80-9 5 

Unlabeled c e l l s  
p lus  na t ive  38- 
TdR DNA 0.5 

Unlabeled cel  I s  
p lus  denatured 3H- 
TdR DNA -- 
Unlabeled c e l l s  

labe led  chromatin 4.0 
p lus  3H-TdR 

10-20 

1.1 

2 . 7  

1 . 2  
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TABLE 2. SAIUrOSYL &SAY PDB STABILITP OF DNA- 
-RANE COHPLEES HaLOWING TREATlENT 

BY VARIOUS ENzmEs 

DNA in aarkollyl crystals in 
t r e a t e d  ample (percent) 

DNA in s a r k o r y l  c r y s t a l s  i n  
un t r ea t ed  8-h (percent )  

x loo 

f r e a t u n t  Whole cells R P ~ O  nuc le i a  

Hone 100 100 

mueC 3.3 0.6 

b 

100 - d RNue 

Pro luse  35 14 
e 

a C o n t r o l  8~nples  w e r e  handled exac t ly  M t r e a t e d  
sampler except t h a t  enzyme w a s  absent .  

bNuclei from e 
f o r  24 h r  vithXPbC-TdR vere i s o l a t e d  by t rea tment  
of whole c e l l s  at  5 x lo6 cells/ml with t h e  ncn- 
Ionic de tergent  NP-40 i n  RSB 10.01 g T r i s  (pH 7.4 
at 25 .0 ,  0.010 ENaC1, 0.0015 MgCl21. Nuclei  
were harves ted  by cen t r i fuga t ion ,  resuspende 
TK b u f f e r  at a f i n a l  concent ra t ion  of 5 x 10 I d ,  
and quick ly  f rozen  i n  Dry Ice-acetone. Samples 
w e r e  s t o r e d  a t  -7O'C and d i l u t e d  5- t o  10-fold 
be fo re  use. 

o n e n t i a l l y  growing cells pre labe led  

t 

Samples of sarkosyl-lysed cells or n u c l e i  contain- 
i n g  0.05 gMgC12 were t r e a t e d  f o r  1 h r  a t  37'C v i t h  
40 unl t s /ml  of RNase-free DNase I.  
assayed f o r  membrane-attached DNA as descr ibed  i n  
t h e  t ex t .  

h e  sarkosyl-lysed cel l  suspension i n  TK b u f f e r  
vas t r e a t e d  v i t h  100 uni t s /ml  of RNase ( f r eed  of 
DNase by t rea tment  at 80°C f o r  10 min before  use) 
f o r  1 h r  at 24'C and assayed as descr ibed  i n  t h e  
t e x t .  

e 
(60 un l t s lml )  a t  37OC f o r  1 hr .  The samples were 
assayed as described I n  t h e  t e x t .  

C 

Samples vere 

C e l l  or n u c l e a r  lysates vere d iges ted  v l t h  Pronase 

enzyme t rea tments ,  t h e  de t e rgen t  sodium dodecyl 

a u l f a t e  (SDS) campletely d i s so lved  t h e  meembrane- 

DNA complex as assayed by t h e  sucrose  grad ien t  

sedimentation method. Resul t s  of t hese  t rea tments  

i n d i c a t e  cons iderable  s e n s i t i v i t y  of t h e  DNA i n  t h e  

complex t o  release by D N a s e ,  Pronase,  o r  SDS. The 

DNase t rea tment  shows t h a t  no extended regions of  

DNA a r e  p ro tec t ed  from d iges t ion  by i n t e r a c t i o n  

With t h e  membrane. 

i n d i c a t i n g  t h a t  RNA, al though found I n  t h e  complex, 

is not requi red  f o r  maintaining t h e  s t r u c t u r a l  

i n t e g r i t y  of t h e  DNA-membrane complex. 

RNase d i g e s t i o n  has  no e f f e c t  

To examine f u r t h e r  t h e  n a t u r e  of  DNA-membrane 

interaction. 8 a r k o s p l - l p t d  cells were h e l d  at tem- 
p e r a t u r e s  ranging  from 0 to  65'C f o r  20 min follov- 
lug Ipls. 
u s 8 y a d  for t h e  .IO-t of DNA r d n l n g  m r o c i a t e d  

Vith the co~plex Pia the l4-bmd procedure. 

of this experlzent are sham in Pig. 1. 
Mifornly l abe led  for several gcncra t lons  p r i o r  t o  
t r e a t r e n t  vitb k a o l i n e  and "C-TdR 60 th8t t h e  

fate of both  d r m e  c d  DNA could  be followed. 

In Pig. la the percen t  ~f the TCA-pndpf t . b l e  mem- 
brane  l a b e l  i s  p l o t t e d  relative t o  t h e  pe rcan t  found 

in  the .-le he ld  at O'C (8pproxiP.telp 83 p e r a n t  

of to ta l  r d r a n e  l a b e l ) ,  I n d i c a t i n g  t h a t  t h e   em- 

b r r n e  f r a p n t s  i n o l a t e d  via the U-band procedure 

remain 18rgely intact  du r ing  t r e a t m n t s  at t a n -  
pera tureo  up t o  55.C. Bwever ,  Pig.  l b  c l e a r l y  

r h w s  t h a t  8 prec ip i tous  decrease  I n  .mount of  DNA 

remaining In DNA-mbrme complexes occurs over a 
narrow range of t w e r a t u r e s  from 34 t o  3 V C .  

phcnomcnon Is i n d i c a t i v e  of a phase t r a n s i t i o n  

wi th in  t h e  l i p i d  coaponent of  t h e  membrane which 

could d e s t a b i l i z e  t h e  complex such t h a t  t h e  DNA ( o r  

a p r o t e i n  n e d i a t l n g  t h e  DNA-DPembrane association) 

is re l eased .  
20 

t i ona  has been repor ted  t o  occur  at 40 t o  45.C. 

L w e r i n g  of the t r m s i t l o n  temperature observed i n  

t h i s  study could be a t t r i b u t e d  t o  t h e  presence  of  

t h e  de te rgent  r a rkosy l .  

S W 1 e s  w e r e  thrn c h i l l e d  t o  O*C m d  

Rnsul t s  

Ce l l a  were 

This 

Evidence €or such l i p i d  phase t r a n s i -  

Tvo experiments were performed t o  examine t h e  

a l l eged  

FIG. 1. 

involvement i n  DNA r e p l i c a t i o n  of t h e  

I 1  , I ,  
0 D 20 30 40 $0 w rn 

Temwroturc (Y) 

Effec t  of temperature on s t a b i l i t y  of DNk- 
nrembrane complexes as assayed by t h e  H-band 
technlque. 

. 
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D R A d r r a e  cW1exe.s i s o l a t e d  by the sarkocryl 

cryetal r t h o d .  first, cells p re l abe led  for approx- 

i u t c l y  t w o  g tnc ra t ion i t imes  (24 to 36 hr )  wi th  l4C- 

TdR were synchronized by mltotic selection.21 A t  
8.5 h r  8 f t e r  cells w e r e  r e l eased  from ndtosi8, 8 2- 

uln %-TdR p u l s e  label (20 l.~Ci/ml) w a s  appl ied .  

p u b e  label w a s  stopped by pouring t h e  a l l q u o t  over 
crushed f rozen  medium, r ad  t h e  cells w e r e  harves ted  

u deacr lbed  above. C e l l  l y sa t ea  were prepared .nd  
sub jec t ed  t o  various amounts of shea r  by vortex 
d x l n g ,  m d  s a r k o s y l  crystals w e r e  forued. Resul t s  

of this experiment,  shcrvn I n  Pig. 2, show t h a t  the 

r a t i o  of  %I1% inc reases  s i g n i f i c a n t l y  as t h e  

l y s a t e s  are sub jec t ed  t o  inc reas ing  shear .  

similar r e s u l t s  f o r  e x p o n e n t i a ~ ~ y  growing cells, 
muggesting t h a t  BOW newly l abe led  regions of DNA 

are c l o s e  t o  th'e s i t e  of attachment of  DNA t o  mem- 
brane  md are p ro tec t ed  froor shea r  degradation by 

t h e  complex. I f  t h i s  is t h e  case, a pu l se  l a b e l  

followed by a chase per iod  of  growth i n  nonradio- 

active medium supplemented with TdR should r e s u l t  

in a decrease following vo r t ex  mixing of t h e  f r ac -  

t i o n  of newly l abe led  DNA i n  t h e  membrane complex 

with i n c r e a s i n g  times i n  t h e  "chase medium." The 

r e s u l t s  of  t h i s  experiment a r e  i l l u s t r a t e d  in 

Fig. 3. Each sample was prepared f o r  t he  sarkosyl  

assay v i t h  20-sec i n t e r v a l s  of vor tex  n ix ing .  

Figure 3 shows t h a t  t h e  f r a c t i o n  of newly 1abe:ed 

DNA i n  t h e  l i p o p r o t e i n  complex decreases  v i t h  in- 

c r eas ing  "chase" times, whi le  t h e  f r a c t i o n  of  14C-  

TdR p re l abe led  DNA remains approldmately cons tan t .  

The 

We found 

R e s u l t s  of the  two experiments described a r e  

cons i s t en t  wi th  l o c a l i z a t i o n  of s o w  DNA r e p l i c a t i o n  

FIG. 2 .  

2.0- 
0 5 10 15 20 

Shear Time ( s e c )  
Effec t  of shea r ing  sa rkosy l  l y s a t e  f o r  var- 
ious t i m e s  on t h e  r e l a t i v e  d i s t r i b u t i o n  of 
pu lse- labe led  DNA (3H-LUA) and uniformly 
l abe led  DNA ( 1 k - D N . 4 )  between t h e  H-band 
bound and t h e  f r e e  f r a c t i o n .  

FIG. 3. 

I 1 I I 

20 40 60 80 
Time 

0 

[minutes otter beginning chose 1 

D i s t r i b u t i o n  of pulse-labeled DNA (%-DW) 
and uniformly l a b e l e d  DNA (14C-DNA) be- 
tween M-band bound and f r e e  f r a c t i o n s  a t  
va r ious  times dur ing  incaibation of %-TdR 
pulsed labe led  cells v f t h  excess  unlabeled 
TdR. The level of  TdR i n  t h e  chase medium 

s y n t h e s i s .  
E) was n o t  s c f f i c i e n t  t o  block DNA 

sites a t  or near  t he  nuc lea r  me&rane. In addi- 

t i o n ,  r e s u l t s  of ' the  pulse-chase experiment sugges t  

t h a t  no t  a l l  DNA r e p l i c a t i o n  sites are as soc ia t ed  
vith membrane complexes. 
were loca ted  i n  t h e  complex, t h e  amount of pulse-  

labe led  DNA (3H-TdR l abe led  DNA) remaining asso- 

c i a t e d  wi th  t h e  sarkosyl  crystals a f t e r  60 n i n  of 
chase would be considerably less than 50 percent  of 

t h e  amount found i m e d i a t e l y  a f t e r  t h e  pu l se  l a b e l .  

This  observa t ion  Ind ica t e s  thr: some newly r e p l i -  

ca ted  DNA remains d o s e  t o  the  membrat.e complex,- 

while t h e  r e p l i c a t i o n  s i t e  might cont inue  t o  move 

away from t h e  site of a s soc ia t ion .  Such a s i t u a -  
t i o n  could e x i s t  i f  DNA-membrane attachment s i t e c  

are those  f o r  i n i t i a t i o n  of DNA s y n t h e s i s  but not 

f o r  e longat ion .  

I f  a l l  r e p l i c a t i o n  si tes 

Because of the  apparent r o l e  of DNA-nrmbrane 

complexes i n  some aspec t  of  DNA r e p l i c a t i o n  (pos- 

s i b l y  inf t i a t i o n ) ,  experiments were performed us ing  

c u l t u r e s  of CHO cells synchronized by t h e  m i t o t i c  

s e l e c t i o n  procedure t o  determine i f  t h e  amount of 

DNA i n  DNA-membrane complexes va r i ed  dur ing  t h e  

c e l l  g ra r th  and d iv i s ion  cyc le  in some way which 

vould provide i n f o m a t i o n  regard ing  involvement of 
t h e  complex i n  DNA r e p l l c a t l o n .  CHO c e l l s  were 

pre labe led  f o r  approximately two genera t ion  times 

with I4C-TdR. C e l l s  were synchronized by t h e  
mi to t i c  s e l e c t i o n  procedure and r e l e r s e d  from 

mi tos i s  a t  0 h r  by p l ac ing  the  m i t o t i c  cells i n  

suspension c u l t u r e  z t  37'C. The onset of t he  D:iA 
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8 p t h - i ~  phase (S phase) of the V w t h  c y c l e  van 
manured  by 5-TdR urtoradiography (using 8n am- 
l a b e l e d  popula t ion  of  cell8) or inco rpora t ion  of 
%-T& i n t o  TCA-imoluble utcri i l .  ccu division 
was r u u r r d  by count ing  d.iqUOtE of t h e  c u l t u r e  

vlth a Coul t e r  counter ;  t h e s e  results 8re p l o t t e d  

in Pig. 68 m d  4b. Allquots of cells were t aken  

bo th  be fo re  release from d t o s i s  and a t  regular 
i n t e r v a l s  after release and were u s a y e d  for =unt 

of DNA i n  DNA-rcmbrane caplplexes by t h e  two proce- 

dures descr ibed  earller. Results of t h e  M-bmd 
assay (ohhcm In Pig. 4c) aha r  that t h e  amount of DNA 
c l o s e l y  8 t t ached  t o  membrane increases dur ing  t h e  

h t t e r  part of t h e  C1 phase of t h e  cell  cyc le .  

camparison With p a r t s  a and b of Pig. 3, t h e  inc rease  
in membrmt . s soc ia t ed  DNA appears t o  precede onset 

By 

FIG. 4. 

0.2 

0 5t-----j. 0 

Time 
(hours ofter release from mitosis I 

Resu l t s  of reasurements of amount of  DNA- 
membrane complex a t  var ious  times are f o r  
mi t o t i c a l l y  synchronized c e l l s  which vere 
re l eased  from mi tos i s .  
synchroiy i n  going through S phase and 
ce l l  d i v i s i o n  is s h w n  i n  a and b. A l i -  
quots  of t h e  synchrunized c u l t u r e  were 
pulse-labeled v i t h  3H-TdR a t  25 p C i h l  
(52 Cifm!!) for  10 d n  a t  37°C. The pu l se  
vas stopped by a d d i t i o n  of 2 volumes of 
ice-cold cacodyla te  b u f f e r  (pH 7.1) .  The 
c e l l s  were harves ted  by c e n t r i f u g a t i o n ,  
and t h e  TCA-insoluble ma te r i a l  vas  meas- 
ured as  descr ibed  i n  t h e  t e x t .  

The q u a l i t y  of cel l  

Of IlU synthesis. In case, t iming  of t h e  in- 
creme i n  DNA complcrrd with membrane correlates 
Dtmngly  vith ant- Of ce l ls  into t h e  S p h 8 ~ e  of t h e  

cycle.  

diene redfmenta t ioa  88.- of s o d u t e d  cel ls  o r  

nuclei. 
S p h a e  cella . ad  nuclei are shown i n  F ig .  5. 

S phase cella and n u c h i  c l u r l y  show a signif- 

i c a n t l y  greater a m o a t  of DNA complered vith me* 
brant than  mitotic cell.. 
sedimenting to t h e  1Qf30 pe rcen t  suc rose  interface 
&id t h e  30155 percen t  interface have been opera- 

t i o n a l l y  def ined  as DtU-umbrane complexes accord- 
i n g  t o  t h e  criteria descr ibed  above. It should b e  

lrantioned t h a t  some variability was o b e e n e d  in t h e  

mount of DNA i n  r a p i d l y  sedimenting material i n  

S i m i l a r  result. were f o m d  for t h e  suc rose  sa-  

Results of thfs -say f o r  pdtotic cells and 
The 

The f r a c t i o n s  of materid 

Fioction Number 

FIG. 5 .  Resul t s  of discontinuous suc rose  g rad ien t  
sedimentation m a l y s i s  of m i t o t i c  cells (a)  
and S phase c e l l s  (b) or  n u c l e i  (c) d i s -  
rupted by l imi t ed  son ica t ion .  DNA- 
membrane complexes are found a t  t h e  i n t e r -  
faces  (10/30 and 3 0 / 5 5  percen t )  between 
t h e  sucrose  l aye r s .  
by hypotonic treatment of vhole  c e l l s  a t  
O'C f o r  15  mln and by Dounce homogeniza- 
t i o n  i n  Tn buf fe r  lO.01 T r l s  (pH 7.1), 
0.0005 11 HgClz]. Washed c e l l s  or n u c l e i  
were then  t r e a t e d  v i t h  l i m i t e d  son ica t ion .  
Solid potassium c i t r a t e  vas added t o  a 
f i n a l  concent ra t ion  of 10 percent .  
p l e s  were layered on t h e  sucrose  g rad ien t s  
i n  the  same buf fe r  and cent r i fuged  at  4 O C  
f o r  4 h r  a t  33,003 r p m  i n  a Spinco SU41 
r o t o r  us ing  a Beckman L3-50 prepa ra t ive  
u l t r a c e n t r i f u g e .  F rac t ions  were co l l ec t ed  
from the  bottom of t h e  tube .  

Nuclei  vere prepared 

Sam- L 
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. 

. 

cell sample8 taken between 5 urd  14  h r  a f t e r  release 
f r a  adtwls. 
to  i r n p r o d u d b i l i t y  o f  tmnica t ion  condi t ions  from 
s q l e  t o  sample. No such variability was found 

in ..mplu taken from 0 t o  4 h r  or from 1 4  t o  17  h r  

8 f t e T  release from d t o s i s .  The amount of DNA in 

r ap id ly  sedimenting material was lw (3 t o  6 per- 

cen t  of total  DNA) in samples taken e a r l y  or  la te  in 
t h e  cell cyc le ,  compared wi th  a much h igher  l e v e l  i n  

samples taken from 5 t o  13 h r  (10 t o  30 pe rcen t  of  

to ta l  DNA). 
c a t i o n  would be mare obvious i n  S phase samples 

where t h e  amount of membrane-associated DNA is 
l a rge r .  Rcsu l t s  of t h e s e  s t u d i e s  suggest t h a t  t h e  

s p a t i a l  arrangement of DNA wi th in  t h e  nucleus is 
r egu la t ed  by a s s o c i a t i o n  of s p e c i f i c  regions of DNA 

wi th  t h e  n u c l e a r  Pembrane. 

po r t ed  by t h e  f ind ings  of Harrison1? t h a t  i n d i c a t e  

a p r e f e r e n t i a l  a s soc ia t ion  of centromeric hetero- 

chromatin t o  t h e  nuc lea r  membrane. 

This v8.rlabillty can be 8 t t r i b u t e d  

Hence, v a r i a b i l i t y  in t roduced  by soni- 

This proposa l  is sup- 

Fujiwara concluded from h i s  s tud ie s16  t h a t  

i n i t i a t i o n  of DNA syn thes i s  is regula ted  a t  t h e  

nuc lea r  membrane. W i i l e  t h e  r e s u l t s  presented  he re  

showing a c o r r e l a t i o n  between inc rease  i n  DNA asso- 

c i a t e d  wi th  membrane a:ld onse t  of DNA syn thes i s  

agree  with h i s  conclus ion ,  o t h e r  i n t e r p r e t a t i o n s  a r e  

compatible wi th  t h e s e  r e s u l t s .  For example, i t  is  

poss ib l e  t h a t  o rganiza t ion  of DNA wi th in  the  nucleus 

mediated by attachment of s p e c i f i c  regions of DNA 

t o  t h e  nuc lea r  membrane may be r e q u i r e d  e i t h e r  f o r  
proper a r r a n g e a n t  of DNA t o  assure  f i d e l i t y  of 

chromosome dup l i ca t ion  o r  f o r  proper timing of t h e  

sequence of DNA r e p l i c a t i o n .  

syn thes i s  might occur independently of t h i s  orga- 
n i z a t i o n a l  even t ,  v h i l e  t h e  same i n i t i a t i o n  sites 

might f o r t u i t o u s l y  l i e  c l o s e  t o  the  DNA-membrane 
attachment sites. 

I n i t i a t i o n  of DNA 

Other poss ib l e  r o l e s  f o r  attachment of DNA t o  

nuc lea r  membrane have been proposed. 

s t u d i e s  imp l i ca t e  t h e  attachment sites i n  c o n t r o l  

of gene t i c  express ion  e i t h e r  by v i r t u e  of l o c a l i t a -  
t i o n  of DNA w i t h i n  t h e  nucleus o r  by  a l t e r i n g  the  

a c t i v i t y  of RNA polymerase r e q u i r e d  f o r  t r ansc r ip -  

t i o n  of DNA. I n  add i t ion  t o  these*sugges t ions .  

o the r  c o n t r o l  mechanisms such as methylation of  DNA 

could func t ion  as signals which spec i fy  which DNA 

should be a t t ached  t o  t h e  nuc lea r  mecbrane. 

These 
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Bmd Analysis of  t h e  Chinese H a m s t e r  C e l l  L ine  CHO 

1 Chinese hamster cell. (Une CEO) hem been 

used ex tens ive ly  f o r  rt .bol lc ,  r ad iob io log ica l .  

and p n r t i c  
apprec ia t ion  f o r  t h e  degree of meuplo idy  charac te r -  

Imtlc of the Uoe. The vd.1 chromos- a d e r  and 

wrphology vcre b r i e f l y  deacr ibed  by Kw’and  

.nd  c l a s s i f i e d  on t h e  bu r l a  of ann-length oersure-  

r n t r  as 12 normal m d  9 a l t e r e d  chromosaplcr urd an  

es t imated  3 percent  less to ta l  chromatin than  normal 
cells. 

vith 01119 a s u p e r f i c i a l  

Our cu r ren t  lack of underatanding of  aneuploidy, 

t h e  videspread use of t h e  cell line, .nd t h e  pre- 

vious repor t  of a r e l a t i v e l y  l a r g e  rider of ab- 
normal chromosomes 

extensive ka ryo log ic -ana lys i s  u t i l i z i n g  autoradfo- 

graphic  and Giemsa banding techniques.  

t i o n s  demonstrate t h a t  no homologous p s i r s  remain 

and t h a t  only 8 chromosomes appear normal when cm- 
pared v i t h  t h e  euplo id  Chinese hamster karyotype. 

l i ne  obtained i n  1962 from D r .  T. T. Puck.7 

female Chinese hamster f i b r o b l a s t s  were from a 

s t r a i n  des igna ted  LA-CHEg and were propagated from 

an ear c l ipp ing .  Autoradiographic a n a l y s i s  of  DNA 
r e p l i c a t i o n  p a t t e r n s  employed convent iona l  tech- 

n iques  us ing  Kodak NTB emulsion. 

rpethod descr ibed  by Arr ighi  and Hsu8 i n  which air- 
dry p repa ra t ions  were t r e a t e d  f o r  3 min v i t h  0.01 E 
NaOH o r  s a t u r a t e d  Ba(OH) and incubated 17  h r  i n  2 
6X SSC a t  60°C. Prepa ra t ions  were s t a i n e d  10 min 

v i t h  buf fered  Giemsa. 

by o modif ica t ion  of Seabr igh t ’ s  method’ i n  which 

t h e  major change vas t o  treat f ixed  chromosapes with 

t r y p s i n  a t  0°C. A f t e r  dry ing ,  s l i d e s  were s t a i n e d  

a6 descr ibed  f o r  C-band s t a i n i n g .  The co ld  t r y p s i n  

t rea tment  appears t o  reduce d rama t i ca l ly  t h e  va r i -  

a b i l i t y  c h a r a c t e r i s t i c  of t r y p s i n  hydro lys i s ,  par- 

t i c u l a r l y  i n  cells blocked wi th  colcemid. 

4 prompted us  t o  undertake a more 

Our observa- 

6 

The CHO cells used i n  t h i s  study vcre from t h e  

Euploid 

The C-band technique vas a w d i f i c a t i o n  of t h e  

G-Band p repa ra t ions  were t r e a t e d  with t r y p s i n  

Table 1 s u w a r i z e s  t h e  chromosome number and 

r e l a t i v e  DNA content  of CHO and LA-CHEg. 
microfluorornetric estimates on f luo rescen t  Feulgen- 

s t a i n e d  c e l l s ”  i n d i c a t e  4 percen t  less DNA in CHO 

than  i n  LA-CHE?, i n  good agreement with t h e  pre- 

v ious  e s t ima te  of a 3 percent  decrement repor ted  

by Kao and Puck.4 

Flow 

h e  of t h e  X chromosomes appears 

TABLE 1. CBRQMOSObE WDHBER PER CELL AND RELATIVE 
DNA OONTm FOR M O  AND LA-CHE? CULTURES 

ChrooDsome number 
~~ - 

Number of cells  

a0 19 20 21 22 
1 6 3 8  0 

U-CHEg 19 20 21 22 
1 46 

44 
1 

44 
3 

Wcrof luorometr lc  d a t a  

CHO G1 peak 21.1 

G1 mode normalized 0.96 

LA-CHE? G~ peak 21.9 

G mode normalized 1.00 1 
t o  be  missing. 

CHO and LA-CHEg arranged accord ing  t o  Hsu and 

Zenres.” 
presented  by Kao and Puck 
a small metacent r ic  chromosome (ours )  f o r  a smal l  

a c r o c e n t r i c  ( t h e i r s ) .  We have r e t a ined  t h e i r  

Figure 1 s h w s  t h e  un t r ea t ed  chromosomes of 

Our CHO karyotype d i f f e r s  from t h e  one 
4 only by s u b s t i t u t i o n  of 

FIG. 1. 
CHO-2 

Untreated karyotypes of euplo id  Chinese 
hamster f i b r o b l a s t s  (LA-CHEq) and l i n e  CHO 
cells.  The 2-group c l a s s i f i c a t i o n  f o r  
a l t e r e d  chromosoacs i n  CHO has  been used 
previous ly4  but has b e e n  a l t e r e d  on t h e  
b a s i s  of chromosome banding p a t t e r n s .  

5 2  
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"2-group" n o t a t i o n  b u t ,  because w e  found evidence 

for s e v e r a l  changes too small t o  be de t ec t ed  by arm- 
length  measurements, have changed Pesigrments t o  

t h e  "2-group" accordingly.  

The G-banding technique proved t o  be mnst 

informat ive  of t h e  methods used f o r  d e t e c t i n g  

a l t e r a t i o n s  in chromatin arrangement. 

s h w s  comparison of t h e  chromosomes of CHO and 

Figure 2 

.U-CHE?. 'Band p a t t e r n s ' a r e  s i m i l a r  t o  those  
. induced by u rea  and NaCl or by 2-mercaptoethanol, 

u reaL  and SDS.12 Notable except ions  are t h e  ter- 
minal bands on t h e  sho r t  arms of chromosome 4 and 

on t h e  long anns of chromosone 5 which appear un- 

s t a i n e d  i n  our p repa ra t ion .  In previous prepara- 

t i o n s ,  t h e s e  t e rmina l  bands a r e  heavi ly  s t a i n e d .  

The d i f f e rences  a r e  perhaps minor but are import- 

an t  f o r  our ana lys i s  of t he  CHO chromosomes. TWO 

karyotypes of CHO are shown: 
zetaphase.  Examination of t h e  p a t t e r n s  g ives  an 

idea  of t h e  degree of v a r i a t i o n  encountered and 

i n d l c a t e s  t h a t  bands a r e  d i f f e r e n t i a t e d  b e t t e r  i n  

t h e  small chromosomes of t h e  prometaphase cell,  

1 2  

a prometaphase and a 

I 2 x 4  5 

LA-WE 3 

FIG. 2. 

. .  

CHO-2 
Trypsin-Induced Giemsa bands i n  LA-CHE? and 
CHO chromosomes. For the  CHO chromosomes 
we p resen t  karyotypes from two c e l l s ;  t he  
f i rs t  chromosone i n  each group i s  from a 
prometaphase c e l l  and t h e  second from a 
rnetaphase c e l l .  The orro'd a t  chromosome 
2-4 i n d i c a t e s  t h e  poin t  of reattachment of 
a p e r i c e n t r i c  i nvs r s ion  i n  a normal 4 cliro- 
mosome (see  t e x t ) .  

while r e s o l u t i o n  of bands I n  

I s  aupe r io r  i n  t h e  m t a p h a s e  

t h e  l a r g e r  chromosomes 

cell. 
'Comparison of t h e  Gbands  I n  CHO and LA-CHE?' 

r evea l s  8 apparent ly  normal chromosomes, none of  

which are pa i red .  

or minor d e l e t i o n s ,  a d d i t i o n s ,  o r  rearrangements. 

I n  many of t h e  2-group chromosomes, t h e  banding 

p a t t e r n s  p e r s i t  i d e n t i f i c a t i o n  of both t h e  o r i g i n  

and d e s t i n a t i o n  of t r ans loca ted  chromatin. but some 

a l t e r a t i o n s  which Involve a s i n g l e  band l ack  s u f f i -  

c i e n t  information and are ambiguous. I n  a d d i t i o n  

t o  t h e  &band infonuat ion ,  we  have used ann-ra t io  

measurements and d a t a  from C-band and au toradio-  

graphic  examination t o  complete t h e  a n i l y s i s .  We 

have published t h e  d e t a i l e d  exemination of t h e  

karyotypes6 and p resen t  h e r e  only major f e a t u r e s .  

Chromosoues 2-3 and 2-7 are t h e  products  of an 

exchange between a normal 4 and a normal 5 .  

is a normal 4 vhich has undergone a p e r i c e n t r i c  

i nve r s ion .  The centromere i s  o r i en ted  ups ide  down 

as compared with a normal 4. 2-6, which conta ins  

an e x t r a  dark  and l i g h t  band a t t ached  t o  t h e  long 

arms, i s  of i n t e r e s t  because a s i m i l a r  t r a n s l o c a t i o n  
can be seen i n  another  aneuploid Chinese hamster 

l i n e  s tud ied  by Kato and Yosida. 

The remainder h 8 w  e i t h e r  major 

2-4 

1 2  

Two g e a e r a l i z a t l o n s  can b e  nade from t h e  G- 

band a n a l y s i s .  The f i r s t  i s  t h a t  only one X chro- 

mosome is  p resen t  i n  CHO c e l l s ;  t h e  o t h e r  is t h a t  

with r e l a t i v e l y  minor except ions  (namely, a l i g h t  

band added t o  t h e  s h o r t  arms of 8 ,  a p e r i c e n t r i c  

i nve r s ion  of 4, and a small d e l e t i o n  i n  5 )  one hap- 

l o i d  s e t  of chromosomes has remained i n t a c t  i n  t h e  

CHO c e l l .  

Although the  C-bands shown i n  F ig ,  3 a r e  less 

informat ive  than  t h e  C-bands, they have been u s e f u l  

i n  i d e n t i f y i n g  s e v e r a l  p a i r s  of centromeres. The 

C-bands resemble those  found by Hsu and Ar r igh i ,  

bu t  i n  our experience t h e  amount of i n t e r s t i t i a l  

heterochrometln demonstrable was v a r i a b l e  and 

dependent on experimental  condi t ions .  By vary ing  

the  length  of a l k a l i n e  t rea tment ,  we could a l t e r  

t he  number of bands and conclude, t he re fo re ,  t h a t  

t h e  i n t e r s t i t i a l  bands13 are remnants of  p a t t e r n s  

induced by t h e  alkaline-saline-Giemsa technique of 

S ~ h n e d 1 . l ~  

chromatin has been used f o r  purposes of i d e n t i f i c a -  

t i o n  and i n t e r s t i t i c l  bands, because of v a r i a b i l i t y ,  

have not been r e l i e d  upon. 

13 

In our a n a l y s i s ,  centromeric heLero- 

53 
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I 2  3 4 3 6 7 8 9 K ) I I E - l 3  

I d e n t i f i c a t i o n  of l a t e - r e p l i c a t i n g  DNA (Fig.  4) 
i nd ica t ea  t h a t  CHO cells possess  an a l t e r a t i o n  i n  

l a b e l i n g  mequence, p a r t i c u l a r l y  i n  chromosome 1. 
I n  OUT hands a d  in s t u d i e s  of  o t h e r s ,  15s16 euplo id  

Chinese humster cells r e p l i c a t e  t h e  t e rmina l  a r eas  

of t h e  s h o r t  arm of ohromosome 1 late. Barever, i n  

W O  these areas are c o n s i s t e n t l y  f r e e  of l a b e l .  In 

add i t ion  t o  t h i s  d i f f e rence ,  s e v e r a l  o t h e r  CHO 
chrolrosames shw la te  l a b e l i n g  p a t t e r n s  t h a t  are 
i n c o n s i s t e n t  v i t h  p a t t e r n s  o f  normal chromosomes but 

eimilar t o  p a t t e r n s  observed by Zakharov 5 g.  
These vorke r s  suggested t h a t  l a t e - r e p l i c a t i n g  areas 
were e i t h e r  der ived  from heterochromatic po r t ions  of 

t h e  X chromosome o r  that they  o r i g i n a t e d  by gene t i c  

i n a c t i v a t i o n  of excess autosomal 8tgmentS p resen t  

in aneuploid cells. 
and 2-10 c o n s i s t e n t l y  l a b e l  l a te r  than  t h e i r  normal 

17 

Because 2-group chromosomes 2-6 

FXG. 3. 

counterpar t s  6 and 8, I t  is un l ike ly  t h a t  Zakharov's W0-2 
Centromeric bands i n  LA-CHEY and CHO cells ,explana t ion  app l i e s  t o  CHO cells .  We cannot r u l e  

out p o s i t i v e l y  t r ans loca t ion  of small por t ions  of following a DNA dena tura t ion- rena tura t ion  
procedure.  The arrow at  the  number 6 chro- 

t h e  X chromosome t o  2-6 and 2-10, bu t  t h e  genera l  =some j n  LA-CHEq i n d i c a t e s  t h e  te lomer ic  
p re se rva t ion  of normal chr omosome banding sequence heterochromatin ( see  t e x t ) .  

I 2 X 4 5 i n  t hese  two group members sugges ts  t h a t  X, t r ans -  

2 

6 7-8 9 10-1 I 

LA-CHE 0 

I 2 X 6 8 9 K ) I I .  

I 2  3 4 5 6 7 8 9 1 0 1 1 l 2  

F I G .  4. 

L 

l oca t ions  have not  occurred. The o the r  hypothes is ,  

t h a t  l a t e - r e p l i c a t i n g  clemenrs are autosomal mate- 

r i a l s  i n  excess  of t he  normal complement, is con- 

t r a r y  t o  t h e  evidence both of t h e  G-band ana lys i s  

and t h e  microfluorometric e s t ima tes  of t o t a l  DNA 
content .  F i n a l l y ,  i f  he te rochromat i ra t ion  is 
involved ,  i t  must be f a c u l t a t i v e  because t h e  C- 

bands s h w  no d i f f e rences  between normal chromo- 

somes and t h e i r  l a t e - r e p l i c a t i n g  2-group counter- 

p a r t s .  Because of t h e  unusual na tu re  of these  

observa t ions  and t h e i r  impl ica t ions  with respec t  t o  

c e l l u l a r  c o n t r o l  of DNA s y n t h e s i s ,  an ex tens ive  

s tudy  of t h e  r e p l i c a t i o n  sequence ac ross  t h e  e n t i r e  

S per iod  is i n  progress. 
n These d a t a  c l e a r l y  demonstrate t h a t  t he  

remaining X chromosome 3 s  t h e  e a r l y - r e p l i c a t i n g  XI, 

i n  c o n t r a s t  t o  Zakharov's1'l observa t ion  t h a t  in 

hypodiploid hamster l i n e s  both X1 and X2 remain 

i n t a c t .  v h i l e  i n  both pseudo- and hyperd ip lo id  l i n e s  

b 

Autoradio raphs of  l a t e - r e p l i c a t i  g sites 

Thymidine (2  uCi/ml) was added t o  exponen- 

one o r  both X chromosomes were absent .  

Figure 5 is a d i a g m t i c  r ep resen ta t ion  of 
ib LA-CHE B and CHO chromosomes.. % - 
t i a l  c u l t u r e s  f o r  1 . 5  h r ;  a t  t h i s  time 
colcemid (0.06 y/ml) vas added f o r  2 hr .  
Note t h e  absence of l a b e l  i n  t h e  te rmina l  

t h e  major G-bands .arranged f o r  comparison of CHO and 

LA-CHE?. The arrangement is based on p o s i t i v e  
a r e a s  of CHO chromosome 1 and t h e  e x t r a  
l a t e - r e p l i c a t i n g  sites i n  Z-group CI!O 
chromosomes 6 and 10. 

i d e n t i f i c a t i o n  of c e n t r m e r e s  ( e .g . ,  2-1, 2-2, e t c . ,  

were o r i g i n a l l y  centromeres of t h e  homologs now 

5 4  
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FIG. 5.  Schematic summary of t e major G ands 
W-CfiEg and CHO cel ls .  
second chromosomes of each set are t h e  

The f i r s t  and 
1 

normal d i p l o i d  and apparent ly  normal chro- 
mosomes from CHO. Chromosomes of  t h e  2- 
group are arranged according t o  centromere 
of o r i g i n :  (2-1) d e l e t i o n  of t h e  te rmina l  
p o r t i o n  of  t h e  upper arm; (2-2) i n t e r n a l  
d e l e t i o n  from s h o r t  arm with normal t e l o -  ‘ 
mere; (2-3) r e c i p r o c a l  t r a i s l o c a t i o n  with 
2-7; (2 -4)  p e r i c e n t r i c  invers ion;  (2-5) in- 
v e r s i o n  de le t ion ;  (2-6) t r a n s l o c a t i o n ,  
o r i g i n  uncer ta in ;  (2-7) r e c i p r o c a l  t rans-  
l o c a t i o n  wi th  2-3; (2-8) t r a n s l o c a t i o n ,  
o r i g i n  uncer ta in ;  ( 2 - 9 )  t r a n s l o c a t i o n ,  
o r i g i n  uncer ta in ;  (2-10) d e l e t i o n ;  
(2-11) t r a n s l o c a t i o n ,  o r i g i n  uncer ta in ;  
(2-12) ambiguous, bes t  evidence is  centro- 
mere from X2; and (2-13) t r a n s l o c a t i o n ,  
o r i g i n  uncer ta in .  

a l t e r e d  i n  t h e  karyotype). The f i r s t  column shows 

one normal chromosome from LA-CHE$. 

represents  those  chromosomes of CHO i n  which no ab- 

n o r m a l i t i e s  can be de tec ted .  In columns 3 and 4 ,  

t h e  chromosome with fewer abnormal i t ies  is displayed 

t o  t h e  l e f t  and t h e  major t r a n s l o c a t i o n s ,  d e l e t i o n s ,  

and rearrangements are indica ted .  

An outs tanding  f e a t u r e  of t h e  Gbanding  pat- 

The second 

t e r n  comparisons o u t l i n e d  h e r e  is t h e  reproducib i l -  

i t y  achieved by d r a s t i c a l l y  reducing t h e  hydro ly t ic  

a c t i v i t y  of t h e  t r y p s i n .  
o l y t i c  enzymes, i n  genera l ,  cause a l t e r a t i o n s  i n  

Giemsa s t a i n i n g  by cleavage of pept ide  bonds is sup- 

por ted  by t h e  genera l  observa t ion  t h a t  banding 

p a t t e r n s  are similar f o l l w i n g  t rea tment  with o t h e r  

p r o t e o l y t i c  enzymes (e.g., Pronase which, on t h e  

one hand, should produce r a t h e r  nonspec i f ic  hydrol- 

y s i s  and, on t h e  o t h e r ,  by t reatment  with urea and 

E r c a p t o e t h a n o l  which might be expected t o  produce 

more s p e c i f i c  e f f e c t s  on s u l f h y d r y l  l inkages) .  

no t ion ,  not  yet e w h a s i z e d  but  supported by both t h e  

The assumption t h a t  prote-  

One 

very l i m i t e d  condi t ions  f o r  enzymatic d i g e s t i o n  and 

by b r i e f  urea-mercaptoethanol t rea tment  ,12 i s  t h a t  

fev  bonds are broken, and i t  is l i k e l y  t h a t  i n  t h e  

b e s t  p repara t ions  l i t t l e  i f  any m a t e r i a l  is  removed 

by t h e  t reatment .  I n  each case, t h e  most d e l i c a t e  

and r e v e a l i n g  p a t t e r n s  ar ise  a f t e r  t h e  g e n t l e s t  

t rea tment ,  wi th  t y p i c a l  fuzz ing  of t h e  p a t t e r n s  t h e  
major consequence of prolonged t reatment .  

D i f f e r e n t i a t i o n  of chromosomal segments i n t o  

l i&t ,  in te rmedia te ,  and dark  s t a i n i n g  areas sug- 

gests that  metaphase chromatin is organized i n  a 

s p e c i f i c  way wi th  regard t o  chromosomal p r o t e i n s .  

This concept is supported by s t u d i e s  of I s o l a t e d  

chromatin which have demonstrated t h a t  dense chro- 

matin has  a h igher  propor t ion  of d i s u l f i d e  bonds 

than d i f f u s e  chromatin” and t h a t  h i s t o n e s  are 

bound t o  template-act ive and template- inact ive 

chromatin i n  d i f f e r e n t  ways.” 
w e  conclude t h a t  G-bands are a r e s u l t  of p r o t e i n  

hydro lys is  and have l i t t l e  t o  do wi th  denatura-  

t i o n  of DNA, as proposed previous ly .  

For t h e s e  reasons ,  

14,20 

Kat0 and Yosida” found p o s i t i v e  c o r r e l a t i o n s  
between Giemsa bands and chromosome s p i r a l i z a -  

t i o n .  We have mad? s in i la r  observa t ions ,  and t h e  

s t u d i e s  of S tubble i ie ld16  of segmented chromosomes 

a l s o  i n d i c a t e  t h a t  G-banding p a t t e r n s  r e s u l t  from 

chromosomal condensation processes .  lie should 

n o t e  t h a t ,  while  t h e r e  a r e  s imilar i t ies  between 

segmented chromosones and G-bands ( t h e  p a t t e r n s  of 

dark and l i g h t  bands are similar, and both suggest  

t h a t  l i g h t  a reas  a r e  l a t e - r e p l i c a t i n g  w h i l e  dark 

a reas  are ear ly- re i  l i c a t i n g )  , t h e r e  a r e  a l s o  c l e a r  

d i f fe rences .  The segmentation pa t  terns suggest 
t h a t  euplo id  Chinesi hamster 1 chromosomes are not 

X chromosomes may be d i f f e r e n t i a t e d . 2 1  Nei ther  

d i f f e r e n c e  is detcc ted  by t h e  G-band technique.  

.. 

and t h a t  t h e  long a m  of t h e  X1 and 

2 

The C-band mechanism apparent ly  i s  involved 

i n  s e l e c t i v e  dena tura t ion  and r e n a t u r a t i o n  of 

Bianchi and A y r e ~ ~ ~  contend t h a t  an 

increased  amount of C-banded m a t e r i a l  (cons t i -  

t u t i v e  heterochromatin) occurs  i n  an aneuploid 

l i n e  of Afr ican green monkey cells.  Much of t h i s  

excess  material  appeared as i n t e r s t i t i a l  bands. We 

found no such i n c r e a s e  o r  l o c a l i z a t i o n  of t h i s  

heterochromatin i n  aneuploid CHO c e l l s  b u t  d i d  see 

an increase  i n  l a t e - r e p l i c a t i n g  s i tes .  R i s  and 

K ~ k a i ~ ~  concluded r h s t  chromatin may be rendered 



io8ctive v i t h o u t  h e t e r o c h ~ t i c  condemation. 
T 8 k a  t oge the r ,  rhea o b 8 e r v a t i o ~  8Uggert t h 8 t  hro 

s e p a r a t e  occhanisma may be presen t  du r ing  meup lo id  
t ruu fo ru t ion .  One mchanism inactivates portions 
of t h e  pnopc by he te rochr txmt i r a t ion ,  the o t h e r  by 

a t e r i n g  the time of  r e p l i c a t i o n .  

of  aneuploid cell linea shauld  e l u d d a t e  theae 
procusea. 

h r t h e r  s t u d i e s  

28kharov &." s t u d i e d  t h e  r t r u c t u r a l  and 
numerlcal v a r i a t i o n  of chromoe- c ~ l c m e n t a  of  

9 aneuploid Chinese hamater l ines  and concluded 

t h a t  "the v i a b i l i t y  of t h u e  l i n e a  depends on 8 

r 8 t h e r  narxw l lncl t  of the to t a l  m t  of chrcmo- 
8-1 material present." 

f r a n  a s tudy  of t h e  DNA con ten t  of 1 4  cell l i n e s  

fran 8 d i f f e r e n t  spec ie s .  

t e n t  t hese  l i n e s  c l u s t e r  at p o i n t s  equ iva len t  t o  

haplo id  u n i t s  of DNA f o r  mammalian cells. Our 

p re sen t  r e s u l t s  show t h a t ,  whi le  nmerous  re- 
arrangements have occurred in t h e  (310 chromosomes, 

e s s e n t i a l l y  a11 of t h e  template-active genome i s  

r e t a i n e d  v i t h  I n t a c t  sequences of bands. Also, 
vhen t h e  2-group chromosomes are arranged according 

t o  s ize ,  they  are a l s o  arranged according t o  t h e  

sequence of chromosomes i n  t h e  normal karyotype 

wi th  r e spec t  t o  t h e  c e n t r k r e  reg ion  ( i .e . ,  each 

cent rouere  seems t o  ca r ry  a given amount of chro- 

matin material r e g a r d l e r s  of  t h e  ex ten t  of  re- 
arrangement). These t r ends  s u g p s t  t h a t  t r a n s i t i o n  

from euploidy t o  aneuploidy is r a t h e r  sharp ly  con- 

t r o l l e d .  Both t h e  t o t a l  amount and organiza t ion  

of c e l l u l a r  DNA i n t o  chromosomes sppear t o  be 

r e s t r i c t e d .  Presumably v i o l a t i o n s  of t h e s e  con- 

s t r a i n t s  are l e t h a l .  

A similar concept emerges 

~n t o t a l  DNA con- 

S tud ie s  of t h e  kind repor ted  here  should he lp  

t o  e l u c i d a t e  t h e  con t ro l  mechanisms involved i n  

evo lu t ion  o f  aneuploid l i n e s z 7  and may u l t ima te ly  

exp la in  t h e  observed d i f f e rences  i n  mutagenic be- 

hav io r  between euplo id  Chinese hamster f ib rob la s  

and CHO c e l l s .  4 
S 
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&Pair of Radiation Damane. Derepression. and Rep- 

l i c a t i o n  of a B a c t e r i a l  Virus Chromosome 

We have s tud ied  t h e  development of bac te r io -  

phage UF'lcl i n  t h e  bacterium Haernophilus inf luenzae  

following derepress ion  of t h e  prophage by u l t r a -  

v i o l e t  r ad ia t ion .  Our r e s u l t s  support  a model which 

p l aces  phage DNA r e p l i c a t i o n  on t h e  c e l l  membrane, 
vhere  a r e l a t i v e l y  high molecular-weight concatomer 

of phage DNA is synthes ized  and subsequently de- 

graded t o  phage-equivalent DNA, t h e  majority of 
which is membrane-free. These results l ed  US to  

conclude t h a t  t h e  cel l  membrane'not only is t he  

s i t e  of DNA r e p l i c a t i o n  during which phage DNA i s  

synthes ized  i n  n u l t i p l e  phage-equivalent concatomers 

but i s  a l s o  t h e  s i t e  a t  which these  coiicatouers a re  
1 

c o r r e c t l y  s i z e d  and reduced t o  phage-sized p ieces .  

We use ultraviolet l i g h t  i r r a d i a t i o n  of lyso- 

p n l c  cella t o  derepress  t h e  prophage. 

which harbors  the prophage is capable of exc is ion-  

r e p a i r ;  therefore, aeveral obvious ques t ions  can be 
asked of  t h i s  repair c a p a b i l i t y  relative t o  prophage 

derepress ion .  

t i c u l a r l y  endonuclease, on t h e  i r r a d i a t e d  b a c t e r i a l  

chromosmme could t r i g g e r  t h e  prophage derepress ion  

event .  

for de rep res s i a t .  

s i b i l i t y  t h a t  r e p a i r  does just t h e  oppos i te .  

The cell  

The 8 c t i o n  of r e p a i r  enzymes, par- 

P i r s t , r e  can rsk if r e p r l r  i o  necessary  

Second, w e  can cons ider  t h e  pos- 

W e  w e r e  caacerned v i t h  t h e  ques t ion  of whether 

r e p a i r  prevent.  prophage derepress ion .  Poss ib l e  

involvement of excis ion- repa i r  i n  u l t r a v i o l e t - l i g h t  

derepress ion  of t h e  Haemophilus phage Hplcl  IS 

i nves t iga t ed  by analyzing and camparing derepres- 

sion i n  lysogens of a E+ s t r a i n  and a E- der iv-  
a t i v e  which 1.- t h e  endonucleo ly t ic  a c t i v i t y  of 

t h e  exc is ion- repa i r  scheme. 2 

Lysogens of t h e s e  t v o  s t r a i n s  were exposed t o  

varying doses of o l t r a v i o l e t  l i g h t  ( 2 5 4  nm) and 

assayed on a phage-sens i t ive  i n d i c a t o r  s t r a i n  (Rd) 

f o r  i n f e c t i v e  cen te r s  ( i . e . ,  t hose  c e l l s  i n  an i r -  
r ad ia t ed  popula t i sn  t h a t  produce phage) and f o r  t h e  

t i t e r  of i n f e c t i v e  phage p a r t i c l e s  produced by each 

i n f e c t i v e  cen te r .  From t h e  r e s u l t s  shown i n  F ig .  1 

one can see t h a t  i h e  i nc rease  i n  i n f e c t i v e  cen te r s  

is s i m i l a r  f o r  s t r a i n s  with and without exc is ion-  

r e p a i r  capab i l i t y .  

r e p a i r  capab i l i t y  is not necessary f o r  prophage de-  

r ep res s ion ,  a conclusion which has  a l s o  been re- 
3 por ted  f o r  phage lambda Escher ich ia  

and does not prevent derepress ion .  In  add i t ion ,  t he  

I uvr  s t r a i n ,  while q u i t e  capable of exc i s ion - repa i r ,  

apparently does no t  r e p a i r  t hose  pyrimidine dimers 

which cause d e r e p r s s i o n .  I f  dimers which t r i g g e r  

prophage derepress ion  were rendered i n e f f e c t i v e  

In t h e  E strairi ,  t h e  p l o t  of i n f e c t i v e  cen te r s  
versus rad ia t ion  dose would be  s h i f t e d  downward 

r e l a t i v e  t o  t h e  E- curve ,  i n d i c a t i v e  of a dose 

reduct ion .  C l e a r l y ,  t h i s  is not t h e  case .  

A t  h ighe r  doses of u l t r a v i o l e t  l i g h t ,  t h e  

frequency of  derepressed lysogens inc reases  i n  t h e  

- wr c u l t u r e  but decreases  i n  t h e  5- s t r a in  
(Fig.  2 ) .  The curve shoving decreas ing  i n t e c t i v e  

cen tc r s  f o r  t h e  E- s t r a i n  is s i m i l a r  t o  a su rv iva l  

curve showing t h a t ,  a t  doses above 10 e r g s / m 2 ,  

these  b a c t e r i a  incilr a s u f f i c i e n t  n&cr o f  1esiop.s 

This sugges ts  t h a t  exc is ion-  

lysogens,  

+ 

+ 

+ 
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uv Do,* I rrg. I m d  I 

F I G .  1. Frac t ions  of i n f e c t i v e  cen te r s  i n  i r r a -  
d i a t e d  c u l t u r e s  a8 a func t ion  of u l t r a v i o l e t  
l i g h t  dose. Exponentially growing c u l t u r e s  
of E. i n f luenzae  s t r a i n s  BC200 and BClOO 
lysogenic  f o r  phage HPlcl were resuspended 
i n  0.01 fi phosphate-buffered s a l i n e  (pH 7 . 0 )  
m d  exposed t o  l i g h t  of wavelength 254 nm 
emi t t ed  from a U - w a t t  Ceneral E l e c t r i c  
germic ida l  lamp under condi t ions  pe rmi t t i ng  
93  percent  t ransmiss ion  through t h e  bac- 
terial  suspension. Aliquots were removed 
a f t e r  t h e  des i r ed  times of exposure and 
ansayed f o r  phage-producing b a c t e r i a  on 
lawns of a phage-sensit ive s t r a i n  (1.e.. 
- P. in f luenzae  Rd). 
urd (-A-A-) BCZOO (HPlcl) .  

(-O-O-) BClOO (HPlcl) ,  

t o  render  them b i o l o g i c a l l y  i n a c t i v e  v i t h  respec t  t o  

phage-producing a b i l i t y .  

i n f e c t i v e  cen te r s  cont inues  t o  inc rease  wi th  dose 

i n  t h e  E 
i n  t hese  curves above 10 e r g s / m 2  r e s u l t s  from DNA 

r e p a i r ,  vh ich  does indeed func t ion  i n  t h i s  s t r a i n  

t o  remove dimers and permi ts  s u r v i v a l  of phage- 

producing a b i l i  cy. 

lowever, t h e  frequency of 

+ c u l t u r e ,  sugges t ing  t h a t  t h e  d i f f e rence  

Our r e s u l t s  on prophage derepress ion  i n  

Haemophilus i n d i c a t e  t h a t  exc is ion- repa i r  capabil-  

i t y  is no t  necessary  f o r  t r i g g e r i n g  derepress ion  or 
prevent ing  derepress ion .  

t h a t  a ce l l  which i s  capable of DNA r e p d r  and which 

does exc i se  pyrimidine dimers does no t  remove t h e  

dimer(s) vhich resul ts  i n  derepress ion  of t h e  pro- 

phage state. However, exc i s ion - repa i r  is important 

i n  s u s t a i n i n g  t h e  capac i ty  of t he  derepressed lyso- 

gen t o  support  phage production when b a c t e r i a  are 

I n  add i t ion ,  i t  appears 

uv D- I rrgs i rnm')  

FIG. 2. Frac t ions  of I n f e c t i v e  c e n t e r s  as a func- 
t i o n  of e l eva ted  doses of u l t r a v i o l e t  
l i g h t .  
imenta l  condi t ions  vere t h e  same a8 de- 
scribed i n  Fig. l. 

The b a c t e r i a l  rtrains and exper- 

exposed t o  doses of u l t r a v i o l e t - l i g h t  greater than  

10 ergslmm. 2 
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Packaging of  a B a c t e r i d  V i r u s  Chromosome: A Model 

Supported by Reac t iva t loc  of Radiation-Damaged 

Virus DNA 

Recent evidence suggests t h a t  t h e  complex, DNA- 
f i l l e d  head of t h e  b a c t e r i a l  v i r u s  T4 is assembled 

by f i r s t  cons t ruc t ing  a p r o t e i n  s h e l l  and then  

i n s e r t i n g  DNA i n t o  t h i s  yreformed s t ruc tu re . '  

model f o r  head maturation stems from experiments 

which i n d i c a t e  t h e  fo l l iwlng:  (1) heads which 

appear t o  lack f u l l  DNA complements (by e l e c t r o n  

microscopy and sucrose  Ezadient a n a l y s i s )  can 

This 
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accumulate i n  cells i n f e c t e d  under t h e  proper  condi- 

t ions (i.e., w i t h  E or 
v i t h  c e r t a i n  drugs) ,  and (2) i n  some .cases, heads 

which accmnulate under t h e s e  condi t ions  can s e r v e  

8S precursors  t o  complete, viable phage upon removal 

of t h e  block.' 

mutants or  by t reatment  

One such system is descr ibed  below. 
The maturation of T4 can b e  blocked by a d d i t i o n  

of a c r i d i n e  dyes such as 9-aminoacridine. 

matura t ion  b lock  can be r e l e a s e d  t o  begin product ion 

of phages by removal of  a c r i d i n e  frum t h e  medium. 

Others have i n d i c a t e d  t h a t  t h e  amount of DNA and 

p r o t e i n s  synthes ized  i n  t h e  presence of t h e  dye i s  

not s i g n i f i c a n t l y  a l t e r e d .  

our  i n v e s t i g a t i o n s  t o  determine t h e  n a t u r e  of t h e  

s t r u c t u r e s  synthes ized  under t h e s e  condi t ions .  

This  

2 

These f ind ings  prompted 

The e l e c t r o n  micrographs shown i n  Fig. 1 il- 
l u s t r a t e  t h e  phage components synthesized i n  T4- 

i n f e c t e d  cells gram i n  t h e  presence of 9AA f o r  

30 min (Fig. U) and then released from t h e  9AA 

block and grown f o r  an a d d i t i o n a l  30 min (Fig. 1B). 

The c e l l  s e c t i o n  i n  Fig. lA reveals t h e  presence 

of many "diffuse"  head-l ike p a r t i c l e s  lack ing  t h e  

i n t e n s e  s t a i n i n g  property of DNA-filled heads. 

Upon removal of t h e  dye and subs+quent incubat ion ,  

t h e  ce l l s  r e v e a l  t h e  presence of m n y  dense, DNA- 

f i l l e d  heads (Fig. 1B). I s o t o p ? ' ~  l a b e l i n g  and 
sucrose  grad ien t  a n a l y s i s  i n d i c a t e  t h a t  t h e  d i f f u s e  

heads seen i n  s e c t i o n s  are converted t o  v i a b l e  phage 

when t h e  dye is r e m ~ v e d . ~  

by t h e s e  experiments i s  t h a t  t h e  sequence of events  
i n  head assembly may b e  an empty precursor  t o  f u l l -  

head pathway. 

The conclusion iuiplied 

A cr i t ica l  argument a g a i n s t  t h e s e  s t u d i e s  i s  

t h a t  t h e  diffuse-appearing heads were once f i l l e d  

heads which becam ''empty'' upon prepara t ion  f o r  

e l e c t r o n  microscopy or sucrose  grad ien t  a n a l y s i s .  

Kel lenberger  and co-workers have long suggested t h a t  

T4 heads may e x i s t  i n  such a " f r a g i l e - f i l l e d  s t a t e , "  

vhich favors  a model where DNA is f i r s t  condensed 

and la te r  enclosed by t h e  p r o t e i n  subuni t s .  
5 

From t h e  d iscuss ion  above, precursors  of T4 

heads probably are present  i n  one of two forms when 

maturat ion i s  blocked by t h e  drug 9AA: (a)  t h e  

p r o t e i n  s h e l l s  are f i l l e d  

but t h i s  p r o t e i n  s h e l l  is  

l o s e  t h i s  DNA, or (b)  t h e  

f i l l e d ,  and t h e  phage DNA 

of t h e  c e l l .  

with a t i g h t l y  c o i l e d  DNA, 

not  s t a b l e  and can r e a d i l y  

p r o t e i n  s h e l l s  are not  

is s t i l l  i n  t h e  DNA pool  

FIG. 1. Thin-sect icn of T4-infected Escherichia  
c o l i  B grown i n  t h e  presence of 1 vg/ml 9- 
aminoacridinc. Cells were f ixed  i n  0 0 
embedded, th in-sec t ioned ,  and s t a i n e d  h i t h  
a KPlnOq-lead c i t r a t e  double  s t a i n .  
grown f o r  W min i n  9AA-treated medium ( A ) ,  
a i d  same cells removed from 9 M  i n t o  f r e s h  
medium f o r  20 min before  f i x a t i o n  (B),. 

- 
5 .4' 

Cells 

Our approach t o  t e s t i n g  t h e  v a l i d i t y  of one 

of  t h e s e  models is based on t h e  not ion  t h a t  rad ia-  

t i o n  e f f e c t s  on t h e s e  two systems w i l l  be d i s -  

similar. Because f r a g i l e ,  f i l l e d  precursors  would 

b e  near ly  conple te  !cads, r a d i a t i o n  i n a c t i v a t i o n  

curves of phages made from t h e s e  heads should not  

d i f f e r  s i g n i f i c a n t l y  from those  of f r e e  or complete 

phage. However, i n  t h e  u n f i l l e d  precursor  the  

phage DNA probably remains i n  t h e  DNA pool of t h e  

c e l l ]  where r a d i a t i o n - r e p a i r  mechanisms a r e  func- 

t ion ing .  Under these  condi t ions ,  the  u n f i l l e d  

precursor  would be more r e s i s t a n t  t o  r a d i a t i o n  than 

a f r a g i l e ,  f i l l e d  precursor  o r  v i a b l e  phage. 

"4-Infected c e l l s  were grown e x p e r i m n t a l l y  i n  
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-- 

t h e  presence and absence of 9 M .  A f t e r  30 min, t h e  

control c u l t u r e  contained 8 s i r a b l e  popula t ion  of  

v i a b l e  phage, wh i l e  t h e  9M-t rea ted  c u l t u r e  con- 

t8 ined  a s i z a b l e  popula t ion  of  p recu r so r  ( u n f i l l e d  

or fragile, f i l l e d  heads). The cells w e r e  t h ~ n  
exposed t o  i n c r e a s i n g  doses of u l t r a v i o l e t  rad ia-  

t i o n  and &E~8yed at appropr i a t e  tires (doses) for 
s u n d v i a g  i n f e c t i v e  cen te r s .  

demonstrate t h a t  I n f e c t i v e  c e n t e r s  in t h e  cmtrol 
c u l t u r e  are more sensitive to  ultraviolet r a d i 8 t i o n  

than  t h e  9M-t rea ted  c u l t u r e ,  suggee t ing  that the 

DNA which accumulates i n  9M-t rea ted  c u l t u r e s  is 

more a c c e s s i b l e  t o  r e p a i r  systems thm IS t h e  DNA 
of phage grown under n o r m 1  condi t ions .  
f i n d i n g  is more c o n s i s t e n t  v i t h  a head- f i l l i ng  

model than v i t h  a f r a g i l e ,  f i l l e d  precursor  model. 

. 

The curves in pig. 2 

Such a 

Because of t h e  complexity and unce r t a in ty  of 

r a d i a t i o n  e f f e c t s  on the  cel l  system, t h i s  exper- 

iment would be more convincing i f  t h e  p r e c i s e  r e p a i r  

rechanism i n  t h i s  system vere known. The exper- 

iment vas repea ted  v i t h  t h e  exc i s ion - repa i r l e s s  

rmtant of Escher ich ia  &, B v i t h  no ’ s ign i f -  

i c a n t  d i f f e rences  in i n a c t i v a t i o n  curves.  Grouth 

curves of phage development i n  9AA-treated cells  

vhich were i r r a d i a t e d  p r i o r  t o  9AA removal i n d i c a t e  

t h a t  t h e  r e p a i r  mechanism is q u i t e  rap id .  

6-1’ 

Experiments a r e  i n  progress  t o  e s t a b l i s h  

whether recombination, DNA polymerase I r e p a i r ,  o r  

a phage-mediated r e p a i r  ( r g e n e  r e a c t i v a t i o n )  is 
respons ib le  f o r  t h e  bulk of rescue from u l t r a v i o l e t  

r a d i a t i o n  i n  t h e  9AA-treated cells. The poss ib i l -  

i t y  t h a t  t h e  dye 9-aminoacridine p r o t e c t s  t h e  DNA 
from u l t r a v i o l e t  i r r a d i a t i o n  I s  being determined 

by comparing t h e  thymine dimer conten t  in con t ro l  

and 9AA-treated c u l t u r e s .  A c o r r e l a t i o n  between 
u l t r a v i o l e t  r e s i s t a n c e  and a p a r t i c u l a r  r e p a i r  

system should e s t a b l i s h  more d i s t i n c t l y  t h e  s t a t e  

of t h e  viral chromosome p r i o r  t o  packaging i n t o  a 

campact head. 

. w Dorr (aC 24 W~S~IWI*&C)  

F I G .  2. U l t r a v i o l e t  i n a c t i v a t i o n  of i n f e c t i v e  
cen te r s  of T4 g r a m  i n  t h e  presence  and 
absence of 9 - d n o a c r i d i n e .  C e l l s  were 
u l t r a v i o l e t - i r r a d i a t e d  at 24 ergs/mm2/sec 
at 30 min a f t e r  i n f e c t i o n  in simultaneous 
c u l t u r e s  (one c o n t r o l  and one 9AA-treated). 
A t  times ind ica t ed  on t h e  absc i s sa ,  t h e  . 
c u l t u r e s  were p l a t e d  f o r  su rv iv ing  in fec -  
t i v e  cen te r s .  
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HNMALIAN RADIOBIOLOGY SECTICN 

IRTBODU(;TION 

&search  ac t id t i e s  in manmallan radiobiology 

inc lude  t h e  s tudy  of bo th  i n t e r n a l  e f f e c t s  (met&- 
ollsm of r ad io i so topes  e n t e r i n g  t h e  body by inges- 
t i o n  or i n j e c t i o n )  a d  e f f e c t s  of  whole-body exter- 
nal elrpwure.  Radiobio logica l  experiments r e l a t e d  

to  t h e  nega t ive  p ion  rad io therapy  psogran are .Lso 

being  done. 

t o  work out proven techniques,  t o  develop new and 

improved techniques ,  and t o  e s t a b l i s h  X-ray-effect 

base  l i n e s  f o r  use when t h e  meson f a c i l i t y  becomes 
ope ra t iona l  f o r  biomedical research .  

These are mostly p i l o t  s t u d i e s  designed 

The primary ob jec t ive  of t h e  whole-body expo- 

su re  program is t o  ga in  knowledge about delayed or 
l a te  b i o l o g i c a l  e f f e c t s  of exposure t o  r a d i a t i o n  

under d i f f e r e n t  to ta l -dose  and dose-rate condi t ions .  

The s ta te -of - the-ar t  and d a t a  d e f i c i e n c i e s  presented  

i n  1968l '* and i n  1970 

v a l i d  today. Recently con t r ibu ted  dose- ra te -ef fec t  

information sugges ts  t h a t  t h e  use  of broad essump- 

t i o n s  ( i n  t h e  absence of research  da ta )  concerning 

t h e  prompt and long-term e f f e c t s  of exposure is  un- 

warranted. Dose p r o t r a c t i o n  by f r a c t i o n a t i o n  and 

continuous exposure may produce widely d i f f e r e n t  

responses i n  a given species4 and responses t h a t  

d i f f e r  s i g n i f i c a n t l y  among spec ie s  .5 

at  t h i s  Laboratory a r e  programmetic i n  na ture  and 

designed t o  ob ta in  needed acute- and low-dose-rate 

d a t a  i n  spec ie s  with d i f f e r e n t  r a d i a t i o n  response 

c h a r a c t e r i s t i c s .  Because the  primate (monkey) is a 
r e l a t i v e l y  long- l ived  animal t h a t  ha& not been used 

widely i n  low-dose-rate i n v e s t i g a t i o n s ,  it i s  of 

primary i n t e r e s t  as a research  spec ie s  i n  our long- 

range program. 

3 are, f o r  t h e  most p a r t ,  

Inves t iga t ions  

The dog and monkey d i f f e r  widely i n  t h e i r  

response t o  s i n g l e  high-dose-rate exposure and t o  

low-dose-rate continuous exposure. Therefore,  

comparative dose-rate s t u d i e s  of t h e  two spec ie s  

under the  same exposure condi t ions  should y i e l d  d a t a  

t h a t  would be h e l p f u l  i n  b e t t e r  understanding the  

k i n e t i c s  of r a d i a t i o n  i n j u r y  and recovery. 

Radiation e f f e c t s  data from these two s p e c i c s  should 

also he lp  t o  mplcc e x t r a p o l a t i a n s  of prompt and long- 
term e f f e c t s  from plirals t o  man -re meaningful. 

P r o j e c t s  be ing  inves t iga t ed  inc lude  (a) l a rge -  

mima1 s t u d i e a  using dogs and monkeys t o  compare 
response t o  ga1mn7.y exposure at d i f f e r e n t  dose 
rates and r e s i d u a l  i n ju ry  t h a t  may r e f l e c t  t h e  

spec ie s  l o n g - t e a  effects, and (b) small-animal 

s t u d i e s  us ing  rice t o  i n v e s t i g a t e  t h e  k i n e t i c s  of 

r ad ia t ion  i n j u r y  dur ing  changing (buildup and decay) 

and f ixed  dose-rate exposures and t h e  e f f e c t s  of 

dose rate on r e s i d u a l  i n ju ry .  

Radiation Pro tkc t ion  Guides (RPCs) have been 

e s t ab l i shed  by t h e  I n t e r n a t i o n a l  Comnission on 
Radiological Pro tec t ior .  and a f f o r d  a ready  b a s i s  f o r  

eva lua t ion  of i n j u r y  r e s u l t i n g  from ent rance  of 

rad io iso topes  i n t o  t h e  human body. Some of t h e s e  

va lues  have been derived s o l e l y  from observa t ion  of 

a nonhuman nanudiau spec ie s  because no o the r  d a t a  

were ava i l ab le .  I n  order  t o  avoid mere s u b s t i t u t i o n  

of nonhuman d a t a ,  t h i s  Laboratory has sought a 

r a t i o n a l  b a s i s  f o r  ex t r apo la t ion  from small animals 

to man i n  the i n t e r s p e c i f i c  r e l a t i o n  based on var- 

ious r e l evan t  metabolic parameters and whole-body 

weight. I n  a review dea l ing  with comparative met- 

abolism, S t a r a  % 1. conclude, "Ext rapola t ions  to 

man from animal d a t a  a r e  a d n l t t e d l y  d i f f i c u l t  a n d  

sometimes inaccura t e ;  however, t h e  risks i n  not 

ex t r apo la t ing  are, unr,zestionably, much grea te r . I t6  

Such ex t r apo la t ions  have been made f o r  rad io-  

i so topes  of z i n c ,  iodi:ie, manganese, s i l v e r ,  i r i d -  

ium,  niobium, rutheniu-. ,7 and beryll ium: a n d  o t h e r  
i so topes  such as mcrcury-203 and selenium-75 a r e  

being inves t iga t ed .  The metabol ic  p a t t e r n s  de t e r -  
mined with radioelements have u s e f u l  relevance f o r  

ques t ions  concerning s L a b l e  i so topes  of  t hese  e l e -  

ments. Thus, t h e  a e t a b o l i c  pathways followed by 

nonradioac t ive  p o l l u t a n t s  through a por t ion  of t he  
biosphere a r e  ind ica t ed  by t h e s e  s t u d i e s .  

Determination of t h e  course of whole-body 
a c t i v i t y  a f t e r  a s i n g l e  admin i s t r a t ion  of a radio- 

nucl ide  gives metabolic d a t a  u s e f u l  i n  e s t i x t i o n  of 
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body bur&- under cond i t io tu  of  chronic u p o s u r e .  

D i s t r i b u t i o n  of Buch a c t f d t y  mong  v8nrious tfelrues 

(rrhich is oeldom Miform bec8use of d i f f e r e n t i a l  

rat- of *take m d  lose )  la .Is0 necccsary for 
u t a b l l r h i n g  t h e  t a r g e t  tissue for the nuc l ide .  Woet 

RPC. which d e a l  With chronic  exposure are der ived  

frm data d e a l i n g  with retention f o l l w i n g  8 single 
expomre .  

of  c a l c u l a t i o n s  based on r ing le-dose  d a t a  by ecrmpar- 
ison with  d a t a  from .ai.uls exposed ch ron ica l ly .  

Chronic oral exposure I6 w u a l l y  achieved by mans 
of con tamha ted  food o r  water. Fac tors  r s s o c i a t e d  

wi th  chronic oral exposure (mul t ip le  i n t a k e s  p e r  

day, var ious  levels of i n t a k e ,  e x t e r n a l  contadr ia -  
t ion)  d i f f e r  from those  of a a i n g l e  d n d n i s t r a t i o n  

by stomach tube ,  and estimates of body burdens and 

t i s s u e  d i s t r i b u t i o n  a f t e r  chronic  exposure t h a t  are 
based on single-exposure d a t a  may be erroneous.  

It is uee fu l  t o  dctermine t h e  accuracy 

Since  1956 a popula t ion  of about 40 New Hexlco 

r e s i d e n t s  has  been monitored f o r  t h e  long-lived 

f a l l o u t  product cesium-137, a po r t ion  of  t h e  radio- 

a c t i v e  d e b r i s  of atmospheric nuc lea r  tests. The 

rise and f a l l  in human burdens c o r r e l a t e  w e l l  with 
i n i t i a t i o n  and ces sa t ion  of t e s t i n g  a c t i v i t y .  A 

peak i n  body burdens reached i n  1964 was f o l l w e d  

by an almost U n e a r  dec l ine  u n t i l  1967.8 A some- 

vha t  reduced rate of loss i n  1967-i968 w a s  then 

f o l l w e d  by a r e l a t i v e l y  unchanging low-level body 

burden maintained u n t i l  t h e  present .  A s i m i l a r  

low l e v e l  is maintained in foods tu f f s .  For in -  
s t ance ,  t h e  average l e v e l s  of cesium-137 contamina- 

t i o n  repor ted  by t h e  Pas teur ized  Milk Network of 

t h e  U. S. Pub l i c  Health Serv ice  for Ju ly  1969-June 

l.970 and f o r  Ju ly  1970-June 1971 were 8 and 9 pCi / l . ,  

r e spec t ive ly .  The cont inuing  contamination i n  

foods tu f f s  sugges ts  t h a t  a r e s e r v o i r  more tenac ious  

than  t h e  atmosphere ( s o i l ? )  is respons ib le  f o r  t h e  

l e v e l s  found in t h e  biosphere.  It is also poss ib l e  

t h a t  low levels in bone, f o n e r l y  ausked by high 

a c t i v i t i e s  i n  s o f t  t i s s u e s ,  a r e  now becoming appar- 

ent," 

sphere  i s  of i n t e r e s t  no t  only as a r ad ioac t ive  

f a l l o u t  nuc l ide  but J ~ S O  as a guide i n  t h e  s tudy  of 

o t h e r  p o l l u t a n t s  of t h e  atmosphere. 

The f a t e  of cesium-137 i n  man and t h e  bio- 
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PLAHMALIAN RADIOBIOLOCY 

Biologica l  E f fec t s  of Ghrma-Ray Dose P r o t r a c t i o n  

dur ing  Continuous Expossure with Fixed and Changing 
Dose Rates 

(J. P. Spalding, R. F. Archule ta ,  J .  E. London, and 

0 .  S. Johnson) 

T h e  modifying e f f e c t s  of dose p r o t r a c t i o n  i n  
rodents and l a r g e r  anlnals have been reviewed exten- 

s i v e l y  i n  recent  symposia and co l loqu ia .  '-' To 

62 



~ s e 8 s  m d  p r e d i c t  short- and long-term effects on 
n n  from exporure t o  terre8trial m d  space r a d i a t i m ,  

it is ncce..up t o  understand t h e  modifying t f f e c t s  

of a v i d e  range of  done-rate condi t ions  on a u m b e r  

of m l i a n  spec ie s .  E f f e c t s  of dose p r o t r a c t i o n  
by umt inuoun exposure and by f r a c t i o n a t i o n  d i f f e r  

8 i g n i f i ~ a n t l y . ~  The dose  rate most l i k e l y  t o  be 

experienced io space or from f a l l o u t  i n  continww 

b u t  changing. Camparativc e f f e c t s  of continuously 
cbmging and cont inuous ly  cons t an t  dose-rate expo- 

mires in t h e  mammal ore l i t t l e  known. Prelimdnary 
i n v e s t i g a t i o n s  r epor t ed  in  t h e  annual r epor t  f o r  

b t  year'' gave inconclus ive  results. Improvements 
i n  exposure technique and animal handling were indi -  

cated.  

Two 8ubs t r a ins  of s t r a i n  RFH mice (H-2 .nd  
k 

f 

8-2 ) with  d i f f e r e n t  r ad ia t ion - rc s j s t aace  &.bar- 

acteris t i c s  12'13 vere used. 

7 groups with  10 RFM H-2 and 1 C  XF'M H-2 mice p e r  I 

group. Groups 1, 2, and 3 were housed 10 per cage 

( 5  H-2 and 5 H-2 ) and were sub jec t ed  29 each t o  

t h r e e  l e v e l s  of continuous but changing gamna-ray 

exposure. Groups 4, 5 ,  and 6 were housed 10 pe r  

cage (5 W-2 and 5 H-2 ) and were sub jec t ed  20 each 

t o  t h r e e  continuous and cons tan t  puma-ray exposures.  

The seventh group of mice (10 of each subs t r a in )  was 
a non i r r ad ia t ed  c o n t r o l  group. 

gamma-ray exposure regime provided for movlng mice 

toward a cobalt-60 po in t  source  (up t o  a f ixed  d i s -  

t ance ) ,  t hen  movlng them back t o  t h e  f ixed ,  most 

d i s t a n t  p o s i t i o n .  Round t r i p s  tcuard  and away from 

t h e  gamma-ray source were completed and automat- 

i c a l l y  repeated every 46.4 h r .  Dose rates increased 
and decreased according t o  t h e  Inverse-squares law. 

Three cons tan t  and t h r e e  changing dose-rate regimes 

were used. 

dium and m o  of t h e  low dose- ra te  regimes were 

completed,  as s h m  i n  Table 1. Dose r a t e s  were 
measured a t  t h e  nearest and f a r t h e s t  po in t s  from 
t h e  source f o r  each changing dose-rate condition and 

were ca l cu la t ed  at 6-min i n t e r v a l s  dur ing  exposure. 

Y!ce were d iv ided  i n t o  
f k 

f k 

f k 

The continuous 

Three r e p l i c a t i o n s  of t he  high and me- 

L e t h a l i t y  d a t a  were recorded twice da i ly .  and 

mice were b led  f o r  hematology s t u d i e s  a t  1-day 

i n t e r v a l s  du r ing  exposure. Because the  l a t h a l i t y  

da t a  were cumulative,  they were f i t t e d  (by nonl inear  
least squares)  t o  a cumulative normal d i s t r i b u t i o n .  

Mean values from each r e p l i c a t i o n  were obtained from 

the f i t t e d  equat ion  and were used i n  t h e  ana lys i s  o f  

TABLE 1. ClWmC AND FIXED DOSE-BATE CONDITIONS 

Low Dose Rate (2 r e p l i c a t i o n s )  

2.03 0.61 6.79 2.03 94.4 

Uedium Doee Rate (3 revlications) 

'2.91 0.69 12.22 2.91 U5 .0  

Eigh Dose Rate (3 r e p l i c a t i o n s )  

4.45 0.W 22.72 4.45 206.4 

TABLE 2. HEAN SURVIVAL TIMES 

Dose-Rate Level and Exposure Uethod 
LOW Medim c - High - 

Subs t ra in  - CDRa x b  E E R)R 

H-2f 776 856 1185 1354 2268 2594 

876 904 1272 1496 2526 3265 8-2 
k 

OChanging dose rate. 

bFixed dose rate. 

var iance .  T a b l e  2 i s  a three-vay t a b l e  of mean 

su rv iva l  times. 

s u r v i v a l  t imes is shown i n  Table 3. There were s ig -  

n i f i c a n t  d i f f e rences  i n  mean s u r v i v a l  times among 
s t r a i n s  sub jec t ed  t o  t h e  t h r e e  dose-rate l e v e l s  and 

methods. These observations are cons i s t en t  wi th  

r ad ia t ion - re s i s t ance  c h a r a c t e r i s t i c s  of t h e  two RFM 

subs t r a ins  used 12s13 and sugges t  t h a t  t h e  bone 
marrow w a s  t h e  c r i t i c a l  t a r g e t  organ under a l l  dose- 

rate condi t ions .  

The ana lys i s  of va r i ance  of mean 

The two methods of exposure a f f e c t e d  t h e  an i -  

mals d i f f e r e n t l y  at each of t h e  t h r e e  dose l e v e l s  

(Tables 2 and 3). 
b i o l o g i c a l l y  damaging than  equ iva len t  cons tan t  o r  
f ixed dose rates. The 46.4-hr dose l e v e l s  used i n  

t h i s  i nves t iga t ion  are somewhat h igher  than those  

t h a t  may be an t i c ipa t ed  du r ing  space missions o r  

recommended exposures i n  emergencies. However, 

Table  2 shows t h a t  as t h e  dose rate is  lowered t h e  

d i f f e rence  i n  mean s u r v i v a l  time under t h e  two 

exposure regimes inc reases .  Although i t  was pos- 

s i b l e  t o  demonstrate B s i g n i f i c a n t  d i f f e rence  i n  

mean s u r v i v a l  time cf mice suh jec t ed  t o  continuous 

Changing dose rates were more 
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TABLE 3. VARIANCE OF MLUI 

Sources of warla t ion  

Method (CDE ver8.1~ RIR) 

S t r J n  (a-2 vexnus E-2 ) 

b e  (hi&$ versus m d i m ;  

bkthod x strain 

Uethod x dose 

S t r a i n  x dose  

Uethod x s t r a i n  x dose 

Error 

f k 

r d i c m  versus lw) 

T o t a l  

SURVIVAL TMES 

bgrets of freedom 

1 

1 

2 

1 

2 

2 

2 

20 

31 

- 

Sum of i qua res  

413,118 

279,098 

16,200,993 

21,596 

219,068' 

207 , 761 

68,124 

181,669 

.Significant at 0.01 l e v e l .  

bSigni f ic rmt  at 0.05 l e v e l .  

n.s. 

exposure us ing  two exposure regimes, poss ib l e  long- 

term-effect d i f f e rences  from non le tha l  doses de- 

l i v e r e d  by t h e  t w o  methods could not  be estimated. 

not s i g n i f i c a n t .  

1. 

2. 

3. 

4. 
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Comparative Bio logica l  E f f e c t s  of Radiat ion Dose 

P r o t r a c t i o n  i n  Dogs a n d  Monkeys 

(J. F. Spalding,  L. M. Holland, J .  R. P r i n e ,  0. S. * 

Johnson, P. M. LaBauve, and J .  E. London) 

A major g o d  I n  our  mammalian radiobiology pro- 
gram is t o  o b t a i n  dose-rate-effects  d a t a  on t h e  

monkey. This pr imate  has received l i t t l e  a t t e n t i o n  

as a research animal i n  s tudying  t h e  e f f e c t s  of dose 

p r o t r a c t i o n .  T h i s  I s  perhaps p a r t i a l l y  because i t  

is a d i f f i c u l t  spec ies  to handle and r e s t r a i n  prop- 

e r l y  f o r  prolonged per iods  i n  a r a d i a t i o n  environ- 

ment. 

The dog i s  t h e  most s t u d i e d  of o u r  l a r g e r  

mamals.  and much e x c e l l e n t  r a d i a t i o n - e f f e c t s  d a t a  

on t h e  dog are be ing  accumulated a t  o t h e r  labor- 

a t o r i e s .  To f a c i l i t a t e  e x t r a p o l a t i o n  of t h e  e f f e c t s  

of pro t rac ted  whole-body gsmma i r r a d i a t i o n  from one 

mammalian spec ies  t o  another ,  i t  i s  h e l p f u l  t o  s tudy 

two spec ies  s imultaneously.  During t h e  last y e a r ,  

t h e  Mammalian Radiobiology Sect ion has modified i t s  

cobalt-60 gamma i r r a d i a t i o n  f a c i l i t y  t o  accommodate 

12 dogs and 12 monkeys f o r  simultaneous whole-body 
exposures under near ly  i d e n t i c a l  condi t ions.  Fig- 

ure 1 shows exposure a r r angewnts  used f o r  dog- 

monkey i n v e s t i g a t i o n s  c u r r e n t l y  i n  progress .  

Hematopoietic Response of Dogs and Monkeys t o  

Whole-Body Pro t rac ted  Exposure t o  Cobalt-60 Gamma 

Rays a t  24 rads/day.--The modifying e f f e c t s  of dose 

p r o t r a c t i o n  by f r a c t i o n a t i o n  have been reported 

f o r  t h e  however, t h e  e f f e c t s  on monkeys 

of dose p r o t r a c t i o n  by continuous exposure a r e  

i i 
t 

$ 5 1  ! ?  L&&& . /LIJC&+->- ... diL-:-.& .&&~k:ii 

FIG. 1. The Biomedical Research Group's r a d i a t i o n  
exposure f a c i l i t y  f o r  dose p r o t r a c t i o n  
s t u d i e s  i n  dogs and monkeys. 

l i t t l e  known. Comparative dose-rate  s t u d i e s  on 
dogs and monkeys, two s p e c i e s  with widely d i f f e r i n g  

acute  LD50 values ,5  have n o t  been reported.  

S i x  beagles  and s i x  monkeys (Nacaca mulatta; 

were p laced  i n  a continuous gamma-ray environment 
a t  a dose ra te  of 24 rads/day u n t i l  death.  Blood 

samples were obtained by venipuncture  f r o n  un- 

anes the t ized  animals before  exposure and a t  7-day 

i n t e r v a l s  dur ing  exposure. 

Mean packed-cell volumes (PCV) and white-blood- 

ce l l  counts  (WBC) a r c  shown i n  Fig. 2. These blood 

c h a r a c t e r i s t i c s  resporided s i m i l a r l y  in dogs and 

monkeys t o  whole-body gama-ray exposure a t  

24 rads lday .  T h i s ' i s  i n  c o n t r a s t  t o  a q u i t e  d i f -  

f e r e n t  hematopoiet ic  response between dogs and 

monkeys exposed cont inuously a t  66 rads/day. 
t h e  h igher  dose race, dog bone marrow appeared 

much less r e s i s t a n t  t o  r a d i a t i o n  i n j u r y  than d i d  

t h a t  o f  t h e  monkey.' 

p h i l s ,  expressed as percentages of pre-exposure 

values  f o r  dogs and wonkeys, are shown i n  Fig.  3. 

Although t h e  neut rop ' , i l  ( t h e  predominant g ramlo-  
cy te)  is  t h e  pr incip;?  white  c e l l  i n  p e r i p h e r a l  

blood of t h e  dog, i t  s e e m  more r a d i o s e n s i t i v e  

than t h a t  of t h e  monk?)', whose p r i n c i p a l  white  c e l l  

is t h e  lynphorytc. 1 i i j . s  d i f f e r e n c e  i n  neutroyi i i l  

A t  

Absolute numbers of neutro- 



?IC. 2. Packed-cell volume and vhite-blood-cell  
count of  dogs and monkeys dur ing  continuous 
g--r.y exposure at 24 radslday. 

F I G .  3. Absolute number of neu t roph i l s  (percent  of 
pre-exposure l e v e l s )  of dogs and monkeys 
dur ing  continuous gamma-ray exposure a t  
24 rads lday .  

response is observed a t  h igher  dose rates and has 

been repor ted  us ing  acu te  exposures.6 

acteristic neu t roph i l  response i n  t h i s  s tudy  sug- 

g e s t s  t h a t  i t  is spec ie s - spec i f i c  and t h a t  t h e  

seve re r  response may be a s soc ia t ed  with acu te  

r a d i a t i o n  s e n s i t i v i t y  or a low U):: value i n  

l a r g e r  mammals. 

The char- 
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Residual I n j u r y  I n  Do@ and Monkeys Exposed t o  

Whole-Body Cobalt-60 Gamma Rays .--Residual i n j u r y  

from non le tha l  gamma-ray exposures as i t  m y  be 

r e f l e c t e d  i n  l i f e  sho r t en ing  has  been demonstrated 

in t h e  rodent  i n  n u y r o u s  reviewed re- 
cen t ly .  Estimates of r e s i d u a l ,  long-term i n j u r y  

from exposure t o  i o n i z i n g  r a d i a t i o n  i n  l a r g e r  

mammals are needed. To estimate r e s i d u a l  i n j u r y  i n  
spec ie s  such as t h e  dog and monkey, i t  is  d e s i r a b l e  

t o  use an end p o i n t  o t h e r  than  l i f e  shor ten ing .  

Reduction i n  mean s u r v i v a l  time dur ing  continuous 

gamma-ray exposure bas been used a s  a measure of 

r e s idua l  i n ju ry  i n  mice4 and i n  l a r g e r  animals such 

as sheep and mine.’ 

i r r e p a r a b l e  o r  long-term i n j u r y  i n  dogs and monkeys 

is being inves t iga t ed .  

This technique of measuring 

Twelve beagles  and 22 monkeys (Macaca mulntta) 

were u s e d  t o  test f o r  poss ib l e  long-term res i ,dua l  

i n j u r y  from a cont inuous ly  de l ive red  gamma-ray 
condi t ion ing  exposure (dogs and monkeys) and from 

l a r g e  doses accumulated by t h e  f r a c t i o n a t i o n  method 

of dose p r o t r a c t i o n  (monkeys only) .  

S ix  beagles  and 6 i x  monkeys were exposed t o  

660 rads  of gamma r a y s  p r o t r a c t e d  over 10 days of 

continuous exposure.  Ten monkeys vere exposed t o  
2400 rads  of gamma r a y s  us ing  t h e  f r a c t i o n a t i o n  

method of dose p r o t r a c t i o n ,  v i t h  100-rad f r a c t i o n s  

be ing  given a t  56-day i n t e r v a l s .  Eighty-four days 
a f t e r  t h e  660-rad exposure of dogs and monkeys 

challenged by t h e  continuous-exposure method and 

a f t e r  t h e  24th 100-rad f r a c t i o n  administered t o  

monkeys challenged by t h e  f r a c t i o n a t i o n  method, 
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mlmalr were placed  i n  a gamm-ray environment at 
24 radr lday  c o n t i n u a l l y  u n t i l  death.  Six c o n t r o l  

dogs and monkeys v i t h  no eha l lenge  dose vere also 
exposed cont inuously at 24 rads/day u n t i l  death.  

Di f fe rences  la mean s u n r i v a l  time, i f  any, betveen 

challenged and mchal lenged  animals represented  

r e s i d u a l  i n j u r y  i n  t h e  rad ia t ion-cha l lenged  animals. 

Tvo dogs (littermates) in t h e  group chal lenged with 

660 r a d s  of  gslma r a y s  approached a "Steady st8te" 

condi t ion  between hematopoietic-system ce l l  renewal 
and r a d i a t i o n  I n j u r y ;  t h e r e f o r e ,  they vere not  

inc luded  in t h e  mean s u r v i v a l  t i m e  (HST) data of 

condi t ioned dogs. 

6 

&an-survival d a t a  are shovn in Tables  1 and 2 .  

Residual  i n j u r y  i n  dogs 84 days a f t e r  a 660-rad 

condi t ion ing  exposure p r o t r a c t e d  over 10 days vas 
approximately 40 percent  and w a s  s t a t i s t i c a l l y  sig- 
n i f i c a n t  at t h e  0.05 l e v e l .  Monkeys showed 8 per- 

cen t  r e s i d u a l  i n j u r y  from t h e  same condi t ion ing  

exposure,  but t h i s  vas not s t a t i s t i c a l l y  s i g n i f i c a n t .  

TABLE 1. MEAN SURVIVAL TINES (MST) OF DOGS AND 

MONKEYS WITH AND WITHOUT A 660-RAD 

CONDITIONING DOSE IN A WIMMA-RAY FIELD 

OF 1 RAD/HR 

Treatment 
W T  (hr )  

Monkeys 

No condi t ion ing  dose 2260 260' 2428 2 33ba 

Condi t ioning dose 
(660 rads)  2070 2 149' 1461 5 231a 

Reduction i n  MST 19 0 96 7 

Residual  f r a c t i o n  8.4 39.8 

'Standard error of t h e  mean value.  

TABLE 2 .  MEAN SURVIVAL TIMES (,ST) OF MONKEYS WITH 
AND WITHOLT 2400-RAD CONDITIONING DOSES 
I N  A GAbDlA-RAY FIELD OF 1 RAD/HR 

Trea t  men t HST (hr)  

No condi t ion ing  dose  . 2260 5 260' 

Condi t ioning dose (2400 rads)  2437 267 

Reduction i n  HST -177 

Residual  f r a c t i o n  -7.8% 

Honkcys wi th  an a c c w l a t e d  gaxmna-ray dose  of  
30 2400 r a d s  (approximately 4 times t h e i r  a c u t e  LDS0) 

s h w e d  no r e s i d u a l  i n j u r y  in terms of a reduct ion  

In  WT. Challenged monkeys a c t u a l l y  l i v e d  s l i g h t l y  

longer  i n  t h e  1-rad/hr gamna-ray f i e l d  than d i d  un- 
chal lenged monkeys; hovever, t h e  d i f f e r e n c e  vas not  

s t a t i s t i c a l l y  s i g n i f i c a n t .  

These r e s u l t s  are c o n s i s t e n t  with ear l ier  

r e p o r t s  t h a t  have demonstrated t h a t  t h e  recovery 

rate of  hematcpoie t ic  t i s s u e ,  i n  terms of p e r i p h e r a l  

blood va lues ,  rerained unchanged in t h e s e  same 
monkeys from the f i r s t  100-rad exposure through t h e  

24th 100-rad exposure. Long-term injury seems t o  

vary g r e a t l y  among species, and a d d i t i o n a l  work 

remains before  a rational b a s i s  f o r  e x t r a p o l a t i o n  of 
i n j u r y  and recovery k i n e t i c s  t o  man can b e  e s t a b -  

l i s h e d .  

s. 
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Radiobio logica l  P i l o t  Inves t iga t ions  for t h e  Neg- 

ative Pion Radiotherapy Proogram 

( M e  B. h j u ,  B e  P. Atcbulrt., L e  1. E M ,  m d  

J. P. S p d d i n g )  

Pig. rat, . ad  wwe s k i n  ha8 been m c d  .o a 

d e l  for normal tieeue meval. 
depth-dome d i s t r f b u t i o n  of fast neut rons ,  n o d  

skin r eac t ions  could be serious vhsn faat n c u t r o m  
are umcd in rad io therapy;  t he re fo re ,  t h e  r a d i a t i o n  

r c spome  of p i g ,  rat, and wwe s k i n  to  X-rays and 
fas t  neut rons  has  been s tud ied  ex tens ive ly .  

Except for 8ome s l i g h t  d i f f e rences ,  t hese  SUM can 

b e  ured M a model for a cell-renwal system. Skin 
r e a c t i o n s  i n  p igs  and humans b e c w  s i @ f i c m t  12  
t o  f5 days after r a d i a t i o n  exposure and peak a t  
about 30 days.  

8 t o  10 days a f t e r  exposure and peaks a t  about 

20 days. A second vave of  sk in  r eac t ion  i s  ob- 

served  i n  humans, p igs ,  and rats 10 t o  14  veeks 

a f t e r  exposure,  whereas I n  mice no second wave of 

r e a c t i o n  is observed. Re la t ive  b i o l o g i c a l  e f  fec- 

t i v e n e s s  (RBE) values from f a s t  neutrons vere  found 

t o  b e  similar f o r  p ig  and human sk in ;  h w e v e r ,  the  

S ingle-dosc  RBE values  f o r  t h e  mouse and rat foo t  

are lower than those  f o r  pigskin.  These low values 

could be due t o  t h e  presence of  subcutaneous f a t  

i n  t h e  p i g  and human.6 Thus, t h e  d i f f e rence  i n  RBE 
on m u s e  foot  and human s k i n  from neutrons is malnly 

due t o  d i f f e r e n t  neut ron  dose depos i t i ons  i n  t i s s u e s  

v i t h  and without f a t .  This should no t  matter too 

nuch f o r  nega t ive  p ions .  The mouse-foot system can 

be used t o  ob ta in  q u a n t i t a t i v e  r e s u l t s  f o r  nega t ive  

p ion  beams of d i f f e r e n t  peak widths used in d i f f e r -  

e n t  t h e r a p e u t i c  s i t u a t i o n s .  Because of l i nea r -  

energy t r a n s f e r  (LET) v a r i a t i o n s  f o r  d i f f e r e n t  peak 

v i d t h s ,  p r e c l s e  RBE estimates a r e  necessary i n  

systems such as t h i s  i n  o rde r  to understand and 

compare t h e  resul ts  of la te  e f f e c t s  and tumor 

responses.  

&cause of  poor 

1-5 

I n  mice and rats, t h e  r e a c t i o n  begins  

Kallman and h i s  associates r ecen t ly  used t h e  

mouse f o o t  as a model f o r  cell reneval  of n o d  

t issue and KHT sarcoma from t h e  same m o u e ,  t rans-  
p l an ted  i n t o  t h e  t h ighs  of syngenic C3H mice, t o  

s tudy  the  p o t e n t i a l  of a r a d i o s e n s i t i z i n g  drug (BUR) 
f o r  c l i n i c a l  radiotherapy.’  

a rose  spontaneously a t  t h e  base of t h e  e a r  of a 

C3H/Km mouse i n  1962 i n  Kallman‘s labora tory  a t  Stan- 

ford. This l i n e  vas maintained by s e r i a l  s&cutaneous 

KHT i s  a sarcoma tha t  

paurage and haa been s t u d i e d  ex tens ive ly .  8.9 Tom- 

l i ~ o n l o  h u  used the tire t h e  tllDor takcll t o  pov 

t o  a f ixed  s i z e  a f t e r  i r r a d i a t i o n  a8 a c r i t e r i o n  

t o  s tudy  t h e  e f f e c t i v e n c a s  of  r a d i a t i o n .  

that th i s  end po in t  manifests itself c h i e f l y  through 

cellular response of n e o p l a s t i c  ce1ls.l1 Be a l s o  

found t h a t  RBE values f o r  g r a r t h  de l ay  ag ree  wry 
uell v i t h  RBE values obta ined  from TCDs0 . a a l y s i s .  

Hence, t w r - p o v t h  =asureuents  vi11 be a qu i& 

and p r a c t i c a l  method f o r  d e t e d n i n g  RBE f o r  .ny new 

r a d l a t i o n  euch a n  nega t ive  pion8.  

He shoved 

12 

Responee of Normal Skin (House Foot) t o  X- 

I r rad ia t ion . - -S t ra in  BFn female adce vere used i n  

t h i s  study. 
accu ra t e ly  than colored mice, and i t  is known t h a t  

t h e r e  are no s i g n i f i c a n t  v o r l a t i o n s  from one o t r a i n  

of  moue t o  The hind l e f t  f o o t  of  t he  

mouse, from t h e  t o e  t o  halfway up t h e  t h i g h ,  was ir- 
p d i a t e d .  Croups of 6 mice each were i r r a d i a t e d  

simultaneously by 1000, 2000, 3000, 4O00, 5000, and 

6000 rads  of 250-KW X r a y s .  Skin  r eac t ions  were 

scored d a i l y  us ing  an a r b i t r a r y  s c a l e  developed by 

F a r l e t ,  wi th  s l i g h t  modi f ica t ions  made by Brwn et 
al.’ as shown i n  Table 1. 
measured by t h i s  a r b i t r a r y  scale ase p l o t t e d  as a 

func t ion  of time a f t e r  exposure i n  Fig.  1. Reac- 

t i o n s  began about t h e  t e n t h  day and  peaked a t  about 

20 days.  Also, t h e  r e a c t i o n  from low doses began 

t o  hea l  sooner;  hence, t h e  maximum r e a c t i o n  occurred 
l a t e r  v i t h  inc reas ing  dose.  Therefore ,  t h e  r eac t ion  
a t  a given time w i l l  no t  be a good end p o i n t ,  and an 

average r eac t ion  dur ing  t h e  t ime i n  which t h e  reac- 

t i o n  develops and subs ides  is gene ra l ly  used as an 
end poin t .  Figure 2 shows t h e  average s k i n  r eac t ion  
13 t o  34 days a f t e r  each of t h e  6 doses .  These d a t a  

The u h i t e  mouse CUI be scored  more 

Resu l t s .o f  s k i n  r eac t ions  - 

I I t I 1 

-*-- 1000 rods 
2000 rods 

---- 4000 rods - 5000 rods 
-6000 rods 

--- 
‘.O - ---3000 rods - 

C 

5 3.0 - 
K 
:: 
3 0.0 - 
s r 

LO - - 

I 
OO 10 20 30 4 0  50 xo 

Pays After lrrodintan 
FIG. 1. Mean s k i n  r eac t ion  i n  mice (scored b y  t h e  

s c a l e  shorn in T&ble I) p l o t t e d  as a func- 
t i o n  of Lime a f t e r  exposure.  
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TABLE 1. THE SYSTEM FOR SCORlNG SKIN REACTIONS I N  WUSE FOOT POLWWNG X-IRILADIATION 

Score - 
Observation 

itaact ion i n c r e a s i n g  Reaction s u b s i d i n g  

0.5 500/50; doubt fu l  i f  &noma1 Hair 6li@1tly d isco lored  

1- (0.75)  S l i g h t  reddening, d e f i n i t e l y  not  normal Patchy &/or d isco lored  h a i r  on foot  

1.0 D e f i n i t e  reddening and/or s l i g h t  edema 
andlor  engorged blood v e s s e l s  

V e r y  l i t t l e  h a i r  on foot and lower l e g ;  
papery-thin s k i n  

1+ (1.25) Severe reddening and edema and/or  v h i t e  
s c a l i n g  on bottom of foot  (dry desquamation) c lub  toes with no n a i l s  

No h a i r  011 foot  and lower l e g  and/or  

1 .5  F i r s t  small area of moist breakdown; usua l ly  A s  1+ but v i t h  one small area of scab.  
t i p s  of  tvo toes s t u c k  (mist desquamation) May have two toes s t u c k  

1.5+ Several -11 areas of moist desquamation 

2 . 0  Considerable  moist desquamation with at 
least four  toes s tuck  toge ther  

2+ V e r y  severe 2.0 ( a l l  toes s tuck  v i t h  much 
desquamation) 

2.5 Breakdam of h a l f  of t h e  s k i n  of foot  
( u l c e r a t  ion)  

2.5+ Breakdown of th ree- four ths  of s k i n  of foot  

Heal ing complete except  f o r  one medium 
scab  or -re than one small scab 

Approximately one-fourth of foot  unhealed 
(with scab) 

Very severe 2.0 

Approximately one-half of foo t  unhealed 

Approximately three- four ths  of foot  un- 
healed 

3.0 Breakdown of almost a l l . s k i n  of t h e  foot  Minimal hea l ing  of foot  

* Very severe  3.0 Almost caplete  n e c r o s i s  of foot  

3.5 Complete necros is  of foot  i n  severe  yellow 
moist exudate  over  f o o t  

Complete foot  necros is :  "club" of  
yellow moist exudate over  whole foot 

p l o t t e d  as a func t ion  of dose shm t h e  sigmoidal Response of Malignant Tissue (Tumor) t o  X- 

curve similar t o  p l o t s  of cure  rates and complica- I r radiat ion.--To o b u i n  s p e c i f i c  tumor-tissue re- 

t i o n s  with dose i n  radiotherapy and agree  with t h e  sponse t o  X-ray exposure, i t  is necessary t o  i s o l a t e  
r e s u l t s  of Fqwler i n  vivo tumor t i s s u e  from normal t i s s u e  f o r  expo- 

s u r e .  Techniques have been developed t o  so lve  t h i s  

7 -- g. 1'2s6 and Brown 5 &. 

3- problem. The KHT tumor normally c a r r i e d  i n  C H mice 3 
has  been introduced and G i n r a i n e d  i n  a h a i r l e s s  

mutant s t r a i n  of RFM mii, . An -12-m-diameter - L 
0 
P tumor from a donor mouse is removed, placed i n  nor- 

- m a l  s a l i n e  s o l u t i o n ,  m d  minced i n t o  small p ieces  f 3 2- - (-1 mm ). These t w r  p ieces  are t ransplan ted  

z 
0: 

ul *. 
0' th igh  t o  permit i s o l a t i n g  t h e  tumor from t h e  rest  B 
a of  t h e  body d u r i n g  exposure. The tumor grows t o  

i n t o  t h e  backs of h a i r l e s s  RFM and C3H mice by 

making a small i n c i s i o n  in t h e  s k i n  a f t e r  shaving 

t h e  back. 

.- s 
e 

c - 
The back is used i n  preference  t o  t h e  

v I -  - 

about 6 w i n  diameter  on about t h e  ten th  day a f t e r  

t r a n s p l a n t a t i o n .  Uhen t h e  tumors are 6 t o  8 mrn i n  
O0- I 2 3 4 5 6 diameter ,  t h e  mice are a n e s t h e t i z e d  (0 .1  cm / g  body 3 

Dot: (rads i IO3) weight of Nembutal), and t h e  tumors a r e  exposed t o  

X rays by s h i e l d i n g  ee rest  of t h e  mouse. T~~~~~ 2 .  Average s k i n  r e a c t i o n  13 to 34 days a f te r  
each of 6 doses of X-irradiat ion.  
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on t h e  back do  no t  adbere t o  tbe hack muscle and 

n y  be mtratched wi th  maurnding sldn several ailll- 
meter8 W 8 p  from t h e  back. 
rasurrd  I n  t h r e e  perpendicular  p h e s  3 tioce a 

v e k .  The merage w t r i c  di-tcr is computed by 
u r d n g  the tumor t o  b e  rphere.  
r e s u l t s  of  the LUI diameter  on t h e  tumor of  Cp 
dce, p l o t t e d  .s a function of do8e (2%-KW X-rays, 

s i n g l e  d w e )  from t i m e  after exposure. A f t e r  # Ing le  
b e e  of mre t h m  about 3500 rads ,  t h e  tumor d i d  

not r ecu r ;  after doses of  less than  3500 rads, growth 

w.8 r laved .  ligure 4 shows r e s u l t s  of t b c  =an diam- 
eter of the tumor on t h e  h d r l e s s  RPM mouse, p l o t t e d  

as a function of dose  (25O-KVP X-rays, s i n g l e  dose) 
from t i m e  a f t e r  exposure. 

motuse grow more s lowly  than  i t  does i n  t h e  C3H 

s t r a i n ,  bu t  t h e r e  appears t o  be no a i w i f i c m t  

h i s t o l o g i c a l  d i f f e r e n c e  mmng t-rs grown i n  t h e  

two r t r a l n s .  The tlrmor in t h e  h a i r l e s s  RFM mouse 
appears r i g n i f i c m t l y  more sensitive t o  r a d i a t i o n  

than  i t  I s  in t h e  C+  s t r a i n .  

have e s t a b l i s h e d  techniques f o r  s tudying  e a r l y  s k i n  

reac t fono  and tumor responses i n  mice which are of 

programnatic i n t e r e s t  t o  negative-pion radiobiology. 

Experiments us ing  more mimal s  pe r  po in t  t o  ob ta in  

Tuwr d i m t e r s  are 

Hgure 3 sbws 

Tais tumor in t h e  ba ld  

These p i l o t  s t u d i e s  

FIG. 3. Mean diameter of tumor body on C3H mice 
p l o t t e d  as a func t ion  of dose (250-Kn 
X-rays, s i n g l e  dose) from t i m e  a f t e r  expo- 
su re .  

t b e  basic q u r a t i t a t i r  X-rry d a t a  are be ing  planned. 
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Response of skin and C3H 

MAMMALIAN METABOLISM 

Retention of Tin-113 i n  t i ice a f t e r  Oral, In t r a -  
p e r i t o n e a l ,  and Intravenous I n j e c t i o n  

(J. E. London, C. A. Drake, J. S. Wilson, and J. E. 
Furchner) 

Tin  is found as a t r a c e  element i n  human tis- 
sues, '  but i t  is considered t o  be only contaminant 

as no b i o l o g i c a l  func t ions  are a t t r i b u t e d  t o  t h i s  

element,  and i t  is r e l a t i v e l y  nontoxic.  Tin-113 

decay is an e l e c t r o n  capture  process with UI asso- 

c i a t e d  0.39-MeV gannua ray. The 118-day phys ica l  

h a l f - l i f e  makes t h i s  i s o t o p e  a s u i t a b l e  t r a c e r  f o r  

metabolic s t u d i e s ,  

Approxiamtely 0.5 U C i  of 'I3SnC1 i n  a 0.1 E H C 1  

s o h t i o n  was administered t o  RF female mice, about 

3 months o ld  and weighing about 26 g. 

o f  12  mice each were i n j e c t e d  by t h e  intravenous 

(IV), i n t r a p e r i t o n e a l  ( I P ) ,  o r  o r a l  (IC) routes .  

Within 30 min of i n j e c t i o n ,  t h e  g m  a c t i v i t y  vas 

measured i n  a s u i t a b l e  d e t e c t o r ,  and the  measurements 
were repea ted  p e r i o d i c a l l y  f o r  omre than 300 days 

i n  t h e  I V  and IP  groups and f o r  4 days i n  t h e  case 

of t h e  IC group. 
a sua of two or  nore exponent ia l s .  

Three groups 

The d a t a  were analyzed and f i t  t o  

Average values 

for t h e  p a r . a a t c a  of thare r e t e n t i o n  func t ions  are 
riven i n  Table 1. Ibe  b u t  f i t  t o  all d a t a  io given 

for each r o u t e  rf d d n b t r a t i o n .  The b e s t  f i t  t o  

the d a t a  for each of the I P  mice is given i n  Table 2 

t o  i l l u s t r a t e  PLfOrmltp in ~ t a b o l i s r n  of  t h i s  nu- 
c l i d e  w i t h i n  a ~rprp. 

l i t t l e  t i n  was -bed froln t h e  gut.  Almost 99 per- 

cent WAS lost  rltl a half-t lme less than  1 day and 

1 percent  w i t h  8 2 4 y  half-t ime. 

coq&nmtr of  the a t e n t i o n  functions f o r  IP  m d  1V 

data vere d i f f e r c r t ,  in both  cases about 30 percen t  
was lost vith a W f - t i m e  of about 90 days (slw 
component). Tbc a d i a t f o n  dose fo l lowing  I n j e c t i o n  

of t h i s  nuc l ide  by either r o u t e  (IP or IV) would be  

t h e  same as i n d i t r t t d  by t h e  time i n t e g r a l  of t h e  

r e t en t ion  f u n c t f m ,  which is propor t iona l  t o  rad ia-  

It is obvfous that very  

Although t h e  fast 

t i o n  dose.  

t o  tracer atoms 4 and inc lude  r ad ioac t ive  decay. 

Holleman 

p lace  o f  b i o l o g i u l  half-t ime t o  avoid ambiguity 

i n  usage. 

exchange quan t i ty  equal  t o  t h e  pool) is t he  rec ip-  

roca l  of  t h e  rate a m s t a n t  and, f o r  t h e  long compo- 

nent f o r  t i n  In der ,  is given by T - 1.0/k3 - 
(0.693/118), where T is t h e  turnover  t i m e ,  k3 i s  

the  rate cons tan t  for t h e  long component (0.0077 

day-'), and 118 is t h e  phys i ca l  h a l f - l i f e  of  t i n -  

113 and is equal  t o  546 days. 

time computed by the usual  method is 379 days.  

The e f f e c t i v e  ha l f - t imes  given r e f e r  

2 suggeot r  the  use  of  tu rnover  t i m e  i n  

f 
T u r n m r  t b e  ( t h e  time requi red  t o  

The b i o l o g i c a l  h a l f -  
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Cesium-137 Activity In a Normal New Mexico Popula- 

t i o n  

(J. S .  Wilson m d  J. E. Furchner) 

- 

Measurements of l m - l e v e l  a c t i v i t y  in a n o m a 1  

population of N e w  Heerfco r e s i d e n t s  have been made 

s ince  1956. About 40 i nd iv idua l s  have been counted 
on a weekly or monthly b a s i s  (about 10 and 30, re- 

s p e c t i v e l y ) .  Resolrs f o r  t h e  1956-1967 per iod  

have been reported.1B2 and a r epor t  covering t h e  

period 1956-1972 is  i r d  preya ra t lon .  Monthly 



T A W ?  1. AVERAGE EWECTIVE RETENTION RRSCTXONS FUR TIN-U3 IN MCE 

8 .  1 L1. 5 1 2  8 2 k2 =1/2 .3 5 =1/2 
(percent) (duvs-1) (dayel (percent) (days-11 (Dercent) (dw8-l) (day#) 

h t r 8 g 8 e t r i c  Adminis t ra t ion 

98.9 3.40 0.20 1.0 0.3490 2.0 - - 0.32 

Intr.Pmow b n j e c t i o n  

56.9 2.73 0.25 13.5 0.0534 13.0 29.6 0.007Lz 97.0 44.00 

I n t r a p e r i t o n e a l  I n j e c t i o n  

43.9 1.09 0.63 25.1 0.0608 11.0 30.9 0.00776 89.0 

P -Iti t 
b 

8 81 m d  ki are t h e  rate and i n t e r c e p t  cons tan ts  i n  t h e  r e t e n t i o n  funct ion:  
where t f .  time in days. 

bEF Is t h e  t i m e  i n t e g r a l  of t h e  r e t e n t i o n  funct ion.  

TABLE 2. EFFECTIVE RETENTION RMCI'ION FOR TIN-113 AFTER INTRAPERITONEAL INJECTION I N  HICE 

40.0 1.10 

40.4 1.28 

41.1 1.18 

41.4 1.00 

35.6 1.14 

42.8 1.06 
41.1 1.17 

40.6 1.56 

40.9 1.16 

48.6 1.50 

45.7 1.24 

T1/2 
(days ) 

0.63 
0.54 

0.59 

0.69 

0.61 

0.66 

0.59 

0.44 

0.60 

0.46 

0.56 

.2 
(percent  ) 

28.6 

27.3 

27.0 

25.8 

32.1 

26.0 

26.7 

26.6 

27.1 

22.4 

22.9 

0.0695 10 

0.0740 9 
0.0599 12  

0.0590 12 

0.0690 10 

0,0590 12 

0.0552 1 3  

0.0651 11 
0.0581 12 

0.0724 10 

0.0593 12 

.3 It3 T1/2 
(percent)  (days-l) (days) 

31.5 

32.2 
32.0 

32.7 

32.1 
31.2 

32.2 

32.7 

32.1 

29 -1 
31.5 

0.00778 

0.00826 

0.00774 

0.00761 

0.00824 

0.00798 

0.00769 

0.00796 

0.00763 

0.007 64 
0.00777 

a9 

84 

90  

9 1  

84 
87 

90  

97 

91 
9 1  

a9  

n 
8 -kit 4 8nd kc are t h e  r a t e  and i n t e r c e p t  cons tan ts  i n  t h e  r e t e n t i o n  funct ion:  R, - Z a,e , 
wh&e t is' t i m e  i n  days.  

bEF 1s t h e  t ie i n t e g r a l  of t h e  r e t e n t i o n  funct ion.  

average values  f o r  a l l  s u b j e c t s  have f a l l e n  from a 

peak c m c e n t r a t i o a  of > 120 pCi/g K i n  1964 t o  a 

level of about 20 pCi/g K and have remained t h e r e  

with only small v a r i a t i o n s  during t h e  p a s t  4 years .  

L w  levels in both foods end mm suggest t h a t  a 
pool  with a s l d e r  rate of l o s s  than t h e  s t r a t o -  

sphere pool  I s  t h e  source of radiocesium contamina- 

t i o n .  Because c e s i u 1 ~ 1 3 7  is a f i s s i o n  product of 

high y i e l d ,  long h a l f - l i f e  (30 y e a r s ) ,  and is r e a d i l y  
absorbed from t h e  d i g e s t i v e  t r a c t ,  documentation 

of the time-course of cesium-137 burdens i n  humans 

is base- l ine d a t a  usefu l  i n  assessment of r a d i a t i o n  

3 

72 

44.00 

- E F ~  

45 

43 
46 

48 

44 

44 

47 

45 

47 

4 1  

45 

exposures f o l l o v l n g  f u r t h e r  d e l i b e r a t e  o r  inadver- 

t e n t  p o l l u t i o n  of t h e  biosphere.  
and n a t u r a l  potassium l e v e l s  i n  8 New Mexico popu- 

l a t i o n  during 1972 are repor ted  here .  

have been r e p ~ r t e d . ~  'Lhe results (Table 1) a r e  

presented 8s average monthly va lues  with s tandard  

and r e l a t i v e  s tandard  devia t ion .  

sium content changed l i t t l e  and shoved no c o n s i s t e n t  

change with t h e  season of t h e  year .  

a c t i v i t y  shovs a peak t v i c e  a y e a r  i n  s p r i n g  and 

f a l l  (June and December), with two In te rvening  

F a l l o u t  cesllrrp.137 

The procedures used i n  c o l l e c t i o n  and a n a l y s i s  

Weight and potas- 

Cesium-137 



. 
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TABLE 1. VEImT, pmk%ImlD AND CESIUM-137 IN A NEW KEXICO POPULATION SAMPLE (1972). 

- - -  Jan Peb H a r & = * J u l y * S c p E  

Body w e i g h t  (kg) X 68.2 68.0 67.8 69.6 68.6 67.9 67.8 68.1 67.9 70.0 
- 
a 11.1 10.8 10.8 u.7 21.1 11.4 11.6 10.7 11.9 14.2 

01: 16.3 15.9 15.9 16.8 16.2 16.8 17.1 15.7 17.5 20.3 

Potassium (8) U 2 . 3  131.4 125.7 129.4 128.6 125.4 125.4 129.3 128.6 124.6 

0 29.4 30.3 29.5 27.6 28.4 31.3 28.8 27.7 20.4 31.2 

a/;  22.2 23.1 23.5 21.3 22.1 25.0 23.0 21.4 15.9 25.0 

PotaBir rm (g/Lcg) ; 1.93 1.92 1.84 1.85 1.87 1.83 1.84 1.90 1.84 1.87 
a 0.26 0.27 0.26 0.19 0.24 0.28 0.24 0.23 0.32 0.24 

at; 13.5 14.1 14.1 10.3 12.8 15.3 13.0 12.1 17.4 12.8 

Cesium-137 (ncl)  2.71 2.46 2.34 2.62 2.70 2.61 2.34 2.35 2.36 2.71 

a 0.51 0.61 0.59 0.56 0.63 0.60 0.63 0.54 0.60 0.61 

01; 18.8 24.8 25.2 21.4 23.3 23.0 26.9 23.0 25.4 22.5 - 
Cesium-137 x 21.1 19.0 18.8 20.6 21.5 21.4 18.6 18.6 19.3 22.5 

cr 4.1 3.1 3.0 3 .7  4.8 4.2 4.1 4.0 4.0 4.0 (pCi/g K) 

a/; 19.4 16.3 16.0 18.0 22.3 19.6 22.0 21.5 20.7 17 .0  

Cesium-137 40.3 36.3 34.4 37.8 39.6 38.4 34.4 35.0 34.9 39.5 

0 7.4 7.4 6.2 6.5 7.8 6.3 7.1 7.1 7.7 7.0 

01; 18.4 20.4 38.0 17.2 19.7 16.4 20.6 20.3 22.1 17.7 

(PCi lkg) 

.Where is t h e  ran, 0 t h e  s tandard  devia t ion ,  and 01; the  s tandard  e r r o r .  

Nov 

67.2 

11.5 

17.1 

125.8 

22.8 

18.1 

1.86 

0.22 

11.8 

2.62' 

0.68 

25.9 

21.0 

3.6 

1 7 . 1  

39 .O 
7.8 

20.0 

- DeC 

69.5 
12.7 

18.3 

128.0 

28.1 

21.9 

1.84 

0.24 

13.0 

2.65 

0.60 

22.6 

21.1 

3.8 
18.0 

- 

31). 5 
9.7 

25.2 

"lows1' i n  summer and w i n t e r  (Fig.  1). 

HacDonald g.5 reported a very slcwly 

decreas ing  l e v e l  of cesium-137 i n  res idenzs of Los 

h g e l e S ,  C a l i f o r n i a ,  during 1968 and 1969. Shukla 

-- et  a1.6 repor ted  a concent ra t ion  of 1 8  t o  20 pCi/g 

K f o r  1969 with " v e v  l i t t l e  change i n  l e v e l  i n  
1970 and 1971." Averages of the  monthly values  f o r  

t o t a l  whole-body a c t i v i t y  of cesium-137 f o r  1970, 

1 " " " ~ " ' " " " " ' 1 " " ' ~ ' ~ ~ ~ ~  - 
- 

3.0- - 
0 c -  - 
Y - 

- 
- - 

21, - 4 i i i i i i A i i i i i i i i i i i i L i h i  i i i ;I i i j 
I 1970 I 1971 I 1972 I 

FIG. 1. Whole-body burden of cesiun-137 i n  a New 
Mexico populat ion sample. The closed 
diamonds separare  t h e  seasons:  
(S) s p r i n g ,  (S ) summer, and (F) i a l l .  1 

(h') winter ,  

1971, and 1972 were 2.49, 2.60, and 2.54 nCi,  re- 

s p e c t i v e l y .  

would produce annual doses of 0.42, 0.43, and 0.42 

m r e m  i n  a 70-kg body, less than 1130th of t h e  dose 

de l ivered  by 120 g potassium t o  a 70-kg body. 

According t o  S i ~ i n t s e v , ~  t h i s  l e v e l  
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PHYSICAL RADIOBIOLOGY SECTION . 
. INTRODUCTION 

The P h y s i c a l  Radiobiology Sec t ion  was forrPed in 
A p r i l  1972 t o  provide a n a l y t i c a l  and ins t rumenta t ion  

support  to  t h e  Biomedical Research Group. Personnel  
i n  t h e  s e c t i o n  are a v a i l a b l e  t o  interact wi th  cll 

research  progrems i n  t h e  group. S p e c i f i c  e f f o r t s  
of t h e  section can b e  d iv ided  i n t o  t h e  f o l l w i n g  

sir broad areas: 

(1) 

body count ing,  lung count ing f o r  t r a n s u r a n i c  ele- 
ments, ins t rumenta t ion  f o r  r e t e n t i o n  and e x c r e t i o n  

experiments ( inc luding  Hot P a r t i c l e  Program), and 

product ion of r a d i o a c t i v i t y  s tandard  sources .  

Radionuclide assay,  which inc ludes  whole- 

(2) T h e o r e t i c a l  radiobiology,  which inc ludes  

computer models of dose and response, t h e o r e t i c a l  

dose d i s t r i b u t i o n  in tissile (e .g . .  for hot par- 

t ic les  and mesons), t h e o r e t i c a l  dose-response func- 

t i o n s  (based on empir ica l  d a t a  and on c e l l u l a r  mod- 

e l s ) ,  and support t o  Molecular Radiobiology Prcgram. 

(3) Dosimetry which inc ludes  i n s t r u n e n t a t i o n  

f o r  radiobiology experiments ,  i n c l u d i n g  dosimetry 

of X rays ,  gamma rays ,  a lpha  p a r t i c l e s ,  e l e c t r o n s ,  

and negat ive  pions.  

(4) Dedicated computer developments, which 

inc lude  a p p l i c a t i o n s  f o r  whole-body and lung count- 

ing ,  chromosome a n a l y s i s ,  lung s t ruc t i i re  and par- 

t i c l e  d i s t r i b u t i o n  s t u d i e s ,  and biophys ica l  

a p p l i c a t i o n s .  

(5)  Consul ta t ion ,  which inc ludes  computer 

rof tware f o r  u s e  by o t h e r  s e c t i o n s  of  t h e  Bio- 

e d i c a l  Research Group, i n c l u d i n g  development, 

maintenance, and i n s t r u c t i o n  in use of t h e  l o c a l  

terminal f o r  remote input  t o  t h e  c e n t r a l  computer 
f a c i l i t y .  

( 6 )  E l e c t r o n i c s  development, which includes 

design and cons t ruc t ion  of s p e c i a l i z e d  elect rodcs 
as required.  

As i l l u s t r a t e d  i n  the  fol lowing cxamples, t h e r e  

has  been cons iderable  progress  in each area. A l -  

though not  repor ted  below, members of the  s e c t i o n  

provided some support i n  prepar ing  the  dosimetry 

8ection of the pant a p p l i c a t i o n  to  t h e  Nat iona l  

Cancer In s t i t u t e  for p r e c l i n i c a l  r t u d i e e  f o r  p i c n  
radiotherapy.  Two members of t h e  s e c t i o n  are com- 

mi t ted  ful l - t ime t o  t h e  domimetry and rad iobio logy  

p o r t i o n s  of t h i s  p r o j e c t .  

s c r i b e d  in t h i s  r e p o r t  , due tQ incomplete  r e s u l t s ,  

is a c o l l a b o r a t i o n  wi th  t h e  Molecular Radiobiology 

Sec t ion  to  attempt to understand and ana lyze  DNA 
'belt" curves,  an e f f o r t  which should b e  completed 

w i t h i n  1973. The c h e s t  counter  f o r  d e t e c t i n g  l o w -  

energy photons (descr ibed i n  t h e  previous annual 

repor t ) '  has been i n  r o u t i n e  u s e  f o r  t h e  p a s t  year .  

A l l  Laboratory personnel  who work a c t i v e l y  with 

t ransuranic  elements are now counted a t  l ea s t  once 

p e r  year .  

panded somewhat i n  t h e  p a s t  year .  

who work with t h e  l i n e a r  a c c e l e r a t o r  be ing  con- 

s t r u c t e d  a t  W F  are be ing  cotinted t o  o b t a i n  
background information that w i l l  make i t  p o s s i b l e  

t o  I n t e r p r e t  any f u t u r e  exposures t h a t  m y  occur  

when t h e  a c c e l e r a t o r  i s  i n  opera t ion .  

Another e f f o r t  not de- 

Whole-body count ing e f f o r t s  have ex- 

A l l  personnel  

AUTOMATION OF DATh COLLECTION 

(M. T.  But le r )  

NaI (Tl)  Spec t roae ter  and Transuranium Element 

Chest Counter I n t e r f a c e  with PDP-8/1 Comute r  

A PDP-B/I cwrr ter  with 12K core memory, a 

32K d i s k ,  and o s c i l l o s c o p e  d i s p l a y  have been i n t e r -  

faced t o  the  LASL total-body spectrometer  and lung  

counter .  The u s u a l  pulse-height ana lyzer  has  been 

replaced wi th  t w o  ana log- to-d ig i ta l  conver te rs  and 

an i n t e r f a c e  t o  the computer. 

c ludes a clock m d  switches that  c o n t r o l  t h e  mode 

of opera t ion  of t h e  system. These i n c l u d e  codes 

f o r  s t a r t i n g  and s topping  d a t a  c o l l e c t i o n  and fo r  

s e l e c t i n g  subgroup, count ing time, t y p e  of ou tput ,  

and count ing mode. There are two count ing modes: 

one f o r  c h e s t  countii:g, and one f o r  whole-body count- 

i n g  us ing  a 9-111. d iameter  by 5 i n .  t h i c k  NaI (T1) 
c r y s t a l .  

The i n t e r f a c e  in-  

The end r e s u l t  i s  a 1054-channel pulse-height  
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.rrely.rer w i t h  on-line d a t a  p r o u s s i n g  up.bUtfu, 
ID inputs fm wubjects,  p r e s e t t a b l e  l i re  c o ~ ~ t h g  

ti.=, b r g e  s t o r a g e  u p a b i l i i p ,  visual d i s p l a y  of 
counting b t . 8  high-speed p r i n t e r ,  high-speed 

. b u i l t  i n  a DEC Wire Vrap Board mnl p l u m  d i r e c t l y  

into the c a q u t e r  w i t h  c o o ~ ~ c t i o n r  to the Craf-Pen. 

. uALmcIL SUPPOgt 

(P. 1. Dem d J. 8 .  Jett) 
ptmcbed paper  t a p e  and t e l e t y p e  output ,  aad count- 

ing pr0gr.r which m y  be modified a t  v l l l .  

BunW 11 I n t e r f a c e  w i t h  R)P-a/p Cmnputer 

This interface ham progressed  through the de- 

8lgn stage and F. now in t h e  c o m t r u c t i o n  phule,  

and ve eapect coqdetion by e a r l y  U73. The inte- 
p a t e d  eystrn dll consist of  M aa tp l i f i e r ,  analog- 

t o - d i g i t d  c o u w r t e r  (mc), = i t c h  p m e l .  pane l ,  
a d  a ppP-8/l c o q u t e r  w i t h  ASR-33 t e l e t y p e .  The 
ADC control s e c t i o n  vi11 plug  d i r e c t l y  into t h e  

coplputer and c o n t r o l  t r a n s f e r  of p u l s e h e i g h t  

in format ion  from t h e  ADC to t h e  computer. 

" in t e r rup t "  bus of  t h e  computer vill be u t i l i z e d  

w i t h  d a t a  be ing  t r a n s f e r r e d  through t h e  accmrmlator. 

There vi11 b e  a swi tch  and ID panel e x t e r n a l  t o  

t h e  computer bu t  connected t o  i t  by cables .  

Switches vi11 b e  a v a i l ~ b l e  f o r  s t a r t i n g  arid stop- 

p i n s  t h e  count ing  Md t o  set t h e  count ing  time. 
Other n r l t c h e s  vi11 be  a v a i l a b l e  t o  e n t e r  informa- 

t i o n  t o  i d e n t i f y  t h e  sub jec t  be ing  counted. 

The 

Craf-Pen I n t e r f a c e  to  PDP-SIE C o m p u E  

A Graf-Pen, unnufactured by Science Accessories 

Corporation, hae been i n t e r f a c e d  t o  a PDP-B/E COP 

p u t e r  t o  permlt computerized on- l ine  Braphic anal- 

y s i8 .  The unit  has  a 16-in. square t a b l e  v i t h  long 

microphone8 along two ad jacen t  s i d e s .  P re s r ing  a 

s p e c i a l  p a  a g a i n s t  t h e  our face  of t h e  t a b l e  e n -  
erates a spark  md starts two s c a l e r s .  A r r i v a l  of 

t h e  sound vave from t h e  spark  a t  t h e  microphones 

s t o p s  the  scaler., the  counts i n  which then  rep- 

r e s e n t  t h e  X and Y coordinate$ of t h e  pen. This  

in format ion  can be  read  d i r e c t l y  i n t o  t h e  conputer.  

The i a t e g r 8 t e d  e y r t e a  inc lude8  an osc l l l o scope  f o r  

viorrrl  d i s p l a y  of t h e  d a t a  be ing  en te red ,  an ASR-33 
t e l e t y p e  f o r  d a t a  p r i n t o u t  and communication wi th  

t h e  computer, and a high-8peed paper-tape reader.  

The i n t e r f a c e  decodes computer i l ~ t r u c t i o n s ,  

genera tes  g a t i n g  s i g n a l s ,  i n p u t s  d a t 8  i n t o  t h e  c ~ a r  

puter ,  accep t s  a "data-ready" s i g n a l  fkom t h e  ~ r a f -  

Pen, n o t i f i e s  t h e  computer t h a t  d a t a  are ready by 

provid ing  appropr i a t e  c o n t r o l  s i g n a l s ,  and processes 
d a t a  and c o n t r o l  s i g n a l s  be tveen  t h e  Craf-Pen and 
Computer t o  make them compatible.  'the i n t e r f a c e  w 8 s  

Chemt and Whole-Body Counting Data Analys is  

Durlni 1972, the d d - c r y s t a l ,  phorvlch-type 
l u g  coun te r  h u  beeu Lo r o u t i n e  opera t ion .  Re- 
a n t l y  tvo mjor change8 in t he  sy8tOS have been 

m d e t  

groucd ruppres8ion, and t h e  d t i c h a n n e 1  pulse-  

he igh t  ana lyzer  ha8 beem rep laced  vith a nP-8/1  
c q u t e r  progra-d to accoapl i sh  both  d8t8 C O l b C -  

t ioa  aad .rulymis. The n w  method of background 

suppreosion b u e d  011 p u h t r h a p e  d i sc r imina t ion  i s  
centered  around m ORTEC-458 p h e - s h a p e  M8lyZe1, 

a device vhich produces an output  p u l s e  whose 

Iclpli tude is propor t iona l  t o  t h e  rise t h e  of t h e  
inpu t  pu lae  from t h e  de t ec to r .  The v i n d a r  of ari 

i n t e r n a l  r ing le-channel  ana lyzer  (Sa) is met t o  

provide ga t ing  pu l ses  which correspond t o  i n t e r -  

a c t i o n s  in t h e  t h i n  NaI (Tl) p o r t i o n  of t h e  detcc- 

t o r .  The SCA output  i s  used t o  g a t e  the d e t e c t o r  

s i g n a l  i n t o  an aU8lOg-to-digitd conve r t e r  (ADC). 

Large overload p u b e s  caused by cosmic r ays  8re de- 

t e c t e d  by an I n t e g r a l  d i sc r imina to r  vhose output  is 

used t o  block t h e  counting system f o r  250 wet. 
Figure 1 s h w s  a block diagram of t h e  8ystem. 

system is a PDP-8/1 vith 1% words of core  memory, 
a 32K vord d i s k ,  an osc i l l o scope  d i sp lay ,  aud a 

USL-bui l t  i n t e r f a c e .  The i n t e r f a c e  couple. two 

ADCs t o  t h e  computer and provides  t h e  ccmputer v i t h  

n u  set of d e c t r o c l i u  is used for  back- 

The computer component of t h e  lung-counting 

U 
Fig. 1. Block diagram of e l e c t r o n i c s .  

. 
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sia.1. m d  Cod- f o r  8 t m i n g  m d  s topping  da:a 

c o l l e c t i o n ,  group s e l e c t i o n ,  couut ing  t ink?  a d e c t i o n ,  

ou tput  s e l e c t i o n ,  counting mode s e l e c t i o n .  There 

are tvo counting modes: 

t h e  t w o  d d - c q s t a l  Mscmbl iur ,  and one f o r  vhole- 

body counting vith a 9-in. diameter  by 4 in. thiclr 

A computer pr0gr.m written f o r  t h e  system has  

one f o r  lung counting u i n g  

. NaI (TI) C v S t 8 1 .  

t h e  following c a p a b i l i t i e s .  I n  the lung-counting 
mode, t h e  n m b e r  of channel8 pe r  subgroup is 8 C t ,  

t h e  subgroup f o r  d a t a  a tor8ge  is determined from the  

.vita panel ,  end counting f o r  a p r e s e t  ti= b 
i n i t i a t e d  on r e c e i p t  of a signal from t h e  EXECUTE 
- i tch  on t h e  i n t e r f a c e .  

d a t a  are d isp layed  in a l ive time mode so t h a t  t h e  

ccmplete incoming spectrum can be observed. Mdi -  

t i o n a l l y ,  another  spectrum can be  displayed simulta- 

neously e i t h e r  bes ide  o r  overlapping t h e  a c t i v e  
spectrum. 

During t h e  count ing  per iod ,  

Upon completion of t he  count per iod ,  da t a  can 

be  p r i n t e d  on a s t r i p  p r i n t e r  and are ready f o r  anal- 

ysis. 

follows. A f t e r  s e v e r a l  i t em of bookkeeping d a t a  

are recorded on t h e  t e l e t y p e ,  t h e  s u b j e c t ' s  ches t  

w a l l  t h i ckness  measurewnts  a r e  en tered  and aver- 

aged, and c a l i b r a t i o n  f a c t o r s  f o r  t h e  ind iv idua l  

being counted are ca l cu la t ed .  The background spec- 

trum i c  t hen  sub t r ac t ed  from t h e  s u b j e c t ' s  spectrum 

and s t o r e d  as a n e t  spectrum. Count rates in t he  

var ious  reg ions  of i n t e r e s t  are ca l cu la t ed ,  a s  a re  

lung burdens a n d  s tandard  dev ia t ions  f o r  241Am, 

238Pu, and 239Pu. Resul t s  a r e  p r i n t e d  on t h e  te le -  

type,  and n e t  s p e c t r a  are d isp layed  f o r  photograph- 
ing .  In  t h e  9 x 5-in. whole-body counting mode, 

t h e  system ope ra t e s  i n  the  same way except some of 
t h e  cons tan ts  are changed and t h e  ana lys i s  c o n s i s t s  

of simply c a l c u l a t i n g  n e t  count r a t e s .  

The a n a l y s i s  p a r t  of t h e  code proceeds as 

The use  of a dedica ted  computer i n  advanced 

chest-  or whole-body count ing  systems provides more 
v e r s a t i l i t y  and a l lcws  f o r  on-line d a t a  ana lys i s .  

Data can be  obta ined  in r e a l  time by more personnel 

( inc luding  t echn ic i ans ) ,  and r a d i a t i o n  p ro tec t ion  

personnel a r e  no longer  dependent upon one o r  sev- 

eral  people who, i n  t h e  p a s t ,  knew t h e  requi red  

computer programming necessary to  obta in  e s t ima tes  

of body contamination. 

Plow n ic ro f luo romet r i c  (FMF) Data Analysis 

k flow microfluor-try (m) systems are 
appl ied  t o  8 v ide  v a r i e t y  of b i o l o g i c a l  experiments,  

t h e  demand f o r  improved methods of d a t a  e n a l y r i a  

h u  increased. The primary o b j e c t i v e  i n  cur ren t  

experiments Is t o  determine t h e  number o f  cel ls  in 
various phases of t h e  ce l l  l i f e  cyc le .  

d i a t r i b u t i w  n w  being  measured are b a s i c a l l y  d i f -  

f e r e n t  from d i s t r i b u t i o n s  obta ined  wi th  randomly 
parkg CHO c e l l a .  

accomplished by f i t t i n g  wi th  leas t -aquares  tech- 

niques t h e  n o m 1  d i s t r i b u t i o n 8  t o  t h e  GI and G2 + 
Fl population8 and a second-degree polynomial t o  

t h e  S d i s t r i b u t i o n .  

t o  account f o r  ins tnr r ren ta l  and p repa ra t ion  e f f e c t s .  

A t y p i c a l  spectrum is shovn in Fig. 2. 

Some DNA 

h d y S i 8  of t h e  l a t te r  h a s  been 

The polynomial is broadened 

This  method of a n a l y s i s  works vel1 only  f o r  

It cannot be  used f o r  syn- randomly g r w i n g  c e l l s .  

chronized popula t ions  such as t h o s e  obta ined  when 

the  c e l l  system is s r r e s t e d  i n  GI and then  re leased .  

Two methods of a t t a d d n g  t h i s  problem are be ing  

eva lua ted .  The f i r s t  method is t o  f i t  a G1 c o n t r o l  

popula t ion  (obtaineG by m i t o t i c  s e l e c t i o n )  vith a 

normal d i s t r i b u t i o n  t o  determine peak c o e f f i c i e n t  

of v a r i a t i o n  and menil. Ten normal d i s t r i b u t i o n s  

v i t h  constant c o e f f i c i e n t  of v a r i a t i o n  a r e  then  

evenly spaced be tve  n t h e  G 

t i o n s ,  and t h e i r  a r L a s  are adjus ted  by a least- 
squares technique s u  t h a t  t h e  sum of t he  10 ncrmal 

d i s t r i b u t i o n s  y i e lds  t h e  inpu t  spectrum. Although 

t h i s  method vi11 accura t e ly  reproduce t h e  inpu t  

spectrum, 10 normal d i s t r i b u t i o n s  do not  provide 

enough r e so lu t ion  ts determine accu ra t e ly  t h e  pro- 

and G + H peak loca- 1 2 

por t ions  of t h e  spectrum i n  G 1, S ,  and G2 + H. A 

om 40 60 CLonn.1 Number .- 

Fig .  2. Computer ana lys i s  of a randomly growing 
CHO c e l l  population. 
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Hg. 3. Computer . n d y s i s  of a rynchronired ce l l  

- 1 4  e-le of r e s u l t s  ob ta ined  by applying t h i s  

r t h d  1s shown in Fig. 3. Var i a t ions  of t h i s  

lpethod u e  now be ing  s tud ied .  

popula t ion .  

A second =:hod of a n a l y s i s  be ing  s tud ied  

u t i l i z e s  a technique used in neutron physics u l l e d  

"spect- unfolding," which b m i u l l y  c o n s i s t s  of 

determining machine response f o r  a pure Gl popula- 

t i o n  of cells and then  so lv ing  t h e  mat r ix  equat ion  

r e l a t i n g  true DNA rpectrum t o  o b s e m d  DNA spectrum 

through machine reaponse func t ions .  

HUMCO 11 Data Analysis 

The U S L  r a d i o a c t i v i t y  counter  f o r  human sub- 

jects (HUMCO 11). i n  r o u t i n e  opera t ion  s i n c e  1962, 

l a  used (1) t o  measure t h e  amount of potassium 

m d  13'Cs i n  humans; (2) t o  determine the  b i o l o g i c a l  

h a l f  l i f e  of r ad io i so topes  i n  both animals and man; 

8nd (3) f o r  o t h e r  counting problems where high 

count ing  e f f i c i e n c y  is requi red  and l imi t ed  energy 

r e s o l u t i o n  can be t o l e r a t e d .  A t  p r e sen t ,  t h e  d a t a  

c o l l e c t i o n  system c o n s i s t s  of 6 single-channel 

~ ~ a l y t e r s ,  scalers, and a s soc ia t ed  readout elec- 
t r o n i c s  which d r i v e  an IBM-526 card punch. 

coded on ca rds  and processed by t h e  l a r g e  computers 

i n  t h e  LASL c e n t r a l  computer f a c i l i t y  (CCF). 

Data are 

Pr imar i ly  because of age  and obsolescence,  t h e  
A f t e r  electronics r e c e n t l y  have become unre l i ab le .  

eurPin lng  t h e  a l t e r n a t i v e s ,  we  determined t h a t  t h e  

most economic replacement would be a 8-11 computer 

vith a 4ooo-word mcmory, UI malog- to-d ig i ta l  con- 

verters and d a t a  input  pane l .  The computer program 

which vi11 c o n t r o l  t he  system has been w r i t t e n  and 

18 awai t ing  a r r i v a l  of t h e  computer f o r  f i n a l  de- 

bugging. I n i t i a l l y ,  t h e  system w i l l  be ab le  to  

atore a 128-ch.nnd d o u b l e - p r e d r i o n  spectrum f o r  a 

live time count ing  Per iod  t h a t  i r  en te red  011 t h e  

data panel. A t  t h e  ond of  t h e  count per iod  t h e  

oprctrm i. 8-d over 6 reg ions ,  and the count 

rater in eacb of the regiioor are ca lcu la t ed .  

codu vhich are read  f r a  t h e  d a t a  pu re1  are rued 

to r o u t e  the data so that backsround rate8 are 
s t o r e d  l a  t h e  proper  l o c a t i o n  and c a l i b r a t i o n  fac-  

tors are ca lcu la t ed  f o r  t h e  proper  i s o t o p e  urd 

stormi. 
mad 137Cr burdens are ca lcu la t ed .  

p r i n t e d  aad punched onto  paper t ape .  

vi11 inc lude  t h e  u p a b i l l t y  of d i r e c t  U l C U h t i o n  

o f  r e t e n t i o n  mad exc re t ion  func t ions .  We expec t  

t h a t  v i t h i n  FY 1973 a11 requi red  c a l c u l a t i o n s  w i l l  

be  per fonmd on t h e  small computer w i th  no r ecour se  

t o  t h e  l a r g e  CCP computers requi red .  

C h a  

men huuan rubjectm are c o ~ t d ,  p o t u r i m  
The d a t a  are 

Future development of  t h e  computer program 

I'uRy0L0cy 

(P. N. Dean) 

Semi-Automatic Chromos Analvsis 

A c e n t r a l  ques t ion  i n  t h e  b i o l o g i c a l  r c i e n c e r  
is t h e  mechanism by which eukaryotes  main ta in  o r d e r  

in t h e i r  g e n e t i c  material. A technique f o r  ob ta in-  

i ng  some in format ion  concerning t h e  c e l l ' s  manipula- 

t i o n  of i ts genome involver  study of t h e  morphology 

of uetaphase chromosomes of d i v i d i n g  c e l l s .  Such a - 
technique permi t r  continuour monitoring f o r  p lo idy  

d r i f t  in c u l t u r e s  c a r r i e d  f o r  extended per iods  both 

as a c o n t r o l  f e a t u r e  and as a means f o r  determining 

whether s p e c i f i c  segments of t h e  genome are essen- 

t i a l  f o r  au rv ivo l .  

Improvement in t h e  technique f o r  chromosome 

c l a s s i f i c a t i o n ,  descr ibed  he re in ,  was motivated by 

t h e  requirement f o r  still  more r a p i d ,  r o u t i n e  kary- 
o typ ic  e u d n a t i o n  of 8 v a r i e t y  of d i p l o i d  and 

he te rop lo id  l i n e s  i n  cu l tu re .  
t h i s  Laboratory have r a i sed  f u r t h e r  ques t ions  con- 

cern ing  t h e  i d e n t i t y  of chroaosomcs in he te rop lo id  

l i n e s  by apparent ly  r u l i n g  o u t  nondis junc t ion  and 

ruppor t ing  t h e  idea  t h a t  i d e n t i c a l  amounts of DNA 

may be inCOrpOr8ted i n  vary ing  chromosome numbers 
through changes in chrolaosoM1 condensation- 

k ine t i chore  development systems. 
t e s t i n g  t h i s  conten t ion  invo lves  t h e  p r e c i s e  kary- 

o typing  of as many of t h e  chromosomes i n  he te roplo id  

Recent s t u d i e s  a t  

One approach t o  

e 

. 
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cell8 u La f e a s i b l e  v i th  a r a p i d ,  d i g i t i z i n g  mystem 
capable of numerical  a u l y r i s  in real t h e .  

oped f o r  r ap id ,  rou t ine ,  karyotypic  cumination t h a t  

CUI be performed by t echnic ians .  
spread  is p r o j e c t e d  vith a p r o j e c t i o n  a i c ro rcopc  

o n t o  8 special t a b l e .  

wscates are then  t r a c e d  vith a d i g i t i z i n g  pen, which 
t r8nsferD t h e  X-Y coord ina tes  of points along t h e  

chromosome t o  a readout device.* The coord ina tes  

&re read  d i r e c t l y  I n t o  a PDP-8/E computer. Using 

t h e s e  d a t a ,  t h e  computer c a l c u l a t e s  t h e  p o s i t i o n  
of t h e  centromere, l eng ths  of i nd iv idua l  a m  of 

t h e  chroatosomes, t o t a l  length  of  all chromosomeo, 
8nd average length ,  a11 i n  real  t i m e .  E f f o r t s  u e  

now uadexvay to  inco rpora t e  a c l a s s i f i c a t i o n  tech- 

nique I n t o  t h e  c m p u t e r  program and t o  extend t h e  

nethod t o  a n a l y s i s  of human cl-romosomes. 

A computer-oriented technique has been devel- 

A chromoso~le 

The a r m ~  of  individual chro- 

FLECZRONICS DEVELOPMENT 

(M. T. B u t l e r ,  L. J. Carr, and J .  H. Larkins)  

C e l l  Separa tor  and Counting Logics 

Continuing developments in t h e  " c e l l  separa tor"  

program w i t h i n  t h e  Biophysics Sec t ion  have necess i -  

t a t e d  development of new e l e c t r o n i c  systems. 
e a r l i e r  system cons i s t ed  of many s e p a r a t e  modules, 

none of which was designed s p e c i f i c a l l y  f o r  t h e  t a s k  

t o  which i t  was assigned. The system was slow and 

i n e f f i c i e n t ,  permitted only single-chanoel rcpara t -  

i n g  i n  one d i r e c t i o n ,  and had dead times of 1000 o r  

more uaec. 

The 

The new system, designed and b u i l t  by the  Bio- 

x e d i c a l  Research Group, i s  contained i n  a chassis 
11-3/4 i n .  by 17 in .  by 19 i n .  and c o n s i s t s  of 
3 f a s t  single-channel ana lyzers ,  3 s c a l e r s ,  a 

20,000-volt h igh -ml t age  supply,  p o s i t i v e  and neg- 

a t i v e  charging ampl i f i e r s ,  l o g i c s  f o r  2 sepa ra t ing  

channels wi th  up to  2050 psec of ad jus t ab le  de lay ,  
and low-voltage p w e r  s u p p l i e s .  

s o l i d - s t a t e  TTL l o g i c s  except f o r  t h e  charging am- 
p l i f i e r ,  which war t r a n s i s t o r i z e d .  

A l l  c i r c u i t s  use 

This  system has  increased  the  speed of cel l  
sepa ra t ing  by a f a c t o r  of 100 by Using r e t r i g g e r a b l e  
one-shots i n  t h e  l o g i c  module and s h i f t  r e g i s t e r s  t o  

s t o r e  a stream of ce l l  pulses .  Bufl'.-in 

* 
This ins t rument ,  c a l l e d  a Graf-Pen, is manufactured 

by Science Accessories Corporation. 

ant ico inc idence  cfrcrdtr prevent  t h e  charg ing  p l a t e s  

from trying t o  charge both  poo i t ive  and nega t ive  a t  
t h e  ssme time. 
n ized  by s c rys t a l - con t ro l l cd  c lock  ope ra t ing  a t  a 

frequency of 44 kEz. 
t rols  f o r  setting the s e p a r a t i o n  c r i t e r i a  (ringle- 
chamel analyzers ) ,  .electing t h e  sepa ra t ion  chan- 

nel, coarse and fine d e l a y  swi tches  giving 700 t o  

20% psec delay ,  high-voltage meter and c o n t r o l  

d l o v i n g  v o l t s g e r  from 2000 t o  20,OOO v o l t s  can- 

t inuous ly  v a r i a b l e ,  d e f l e c t i o n  p l a t e  vo l tage  con- 

trol a l l w i n g  25, 50,  and 75 volts, and readout of 

t h r e e  6-decrdc scalers. 

Both sepa ra t ing  chunnels are synchro- 

The f r o n t  pane l  contains con- 

A second unit is n w  be ing  f ab r i ca t ed  by t h e  

W L ' s  Electronics Divis ion ,  us ing  drawings pro- 

vided by t h e  Bi-dical Research Group. Figure I 

is a block diagram of  t h e  u n i t  which has  operated 

very s u c c e s s f u l i y  t o  da te .  

V2l3 Generator 

There I s  i n t e r e s t  in t h e  Biophysics Sec t ion  

f o r  ob ta in ing  c o r r d a t i o n s  of f luorescence  l i g h t  

emission wi th  ce l l - su r face  area. Therefore ,  a sig- 
n a l  was requi red  which was  p ropor t iona l  to s u r f a c e  

area. 
Coul te r  volume s ignal ,  s i n c e  t h e  su r face  area of a 
sphere  is propor t iona l  t o  V2l3. 
obtained by connectirrg logar i thmic  elements (d j  ode- 

connected t r a n s i s t o r s )  i n  t h e  feedback c i r c u i t s  of 
2 opera t iona l  ampl i f i e r s .  The output of t h e  f i r s t  

ampl i f i e r  is propor t iona l  t o  t h e  logar i thm of t h e  

input  vo l tage .  This ou tput  s i g n a l  i s  reduced by 

mcans of a vo l t age  d i v i d e r  t o  2/3 of  i t s  f u l l  

va lue ,  and th i s  l a t t e r  s i g n a l  i s  appl ied  t o  t h e  in -  

put of t h e  second . o p l i f i e r  whose outpljt cur ren t  is 
p ropor t iona l  t o  t h e  an t i - logar i thm of t h e  Input .  

A t h i r d  a m p l i f i e r  s e rves  as a curren t - to-vol tage  

conver te r .  

We decided t o  ob ta in  t h i s  by modifying t h e  

The s i g n a l  was 

A l l  t h e  diode-connected t r a n s i s t o r s  are p a r t  

Fik. 4. F l w  charr f o r  c e l l  s epa ra to r  v i i h  c i r c u i t .  
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of a ranolithic i n t e g r a t e d  circuit; t h w ,  they art 
wry n e a r l y  I d e n t i c a l  e l e c t r i c a l l y  and, b e u u r e  of 
the c- ~ b s t r a t e ,  very close t h e m a l  coupl ing  

edsta .  

lw cost. The rise time of  5 Wec . ad  range 

of wer oae d e d e  were adequate f o r  t h e  experiment. 

Greater range CUI be obta ined  by choosing an ampll- 
fler 6 t h  lover inpu t  current. 

XM-301 a m p l i f i e r s  were w e d  b e c a k e  of 

Wlifier v i t h  B a s e l i n e  Res to ra t ion  

kst detectors used to  d r i v e  electronic rmpU- 
flcm h8ve a DC o f f s e t  in terms of vo l t age  or c u r e n t  

upon which t h e  real  signal la superimpoaed. 
-e., this s t u d y - n t a t e  value oay be m y  times 
h r g e r  than  t h e  signal and, in add i t ion ,  u y  vary 

enough t o  =kc simple s u b t r r c t i o n  i m p r r c t i c a l .  The 
usua l  s o l u t i o n  is u p a c i t i -  coupling, which blocks 

t h e  DC e f f e c t i v e l y  but in t roduces  bum- l ine  s h i f t  

&I t h e  r e p e t i t i o n  rate inc reases .  

circuits us ing  d iodes  e l imina te  most of u1 '*under- 

.hoot" but have an o f f s e t  of s e v e r a l  hundred m i l l i -  

volts. In add i t ion ,  t h e  amplitude of a c lose ly  fo l -  

lowing pu l se  w i l l  be reduced because recovery is not 

canple te. 

In 

P a s s i v e  c l i p p i n g  

An a c t i v e  base- l ine  r e s t o r e r ,  us ing  an opera- 

t ional  a m p l i f i e r  with f a i r l y  high open loop ga in ,  

overcomer both p r o b l e m .  The base l i n e  CUI be  d- 
j u s t e d  f o r  ze ro  o f f s e t ,  and t h e  recovery time i s  
reduced t o  a very small va lue  because the  to ta l  out- 

put Of t h e  ampl i f i e r  i 6  J V J i h b k  t o  "jerk" fit- 

e r r l l y  t h e  base l i n e  back to  zero.  

Tvo ampl i f i e r s  were requi red  for  the  c e l l  sep- 

The s i g n a l s  t o  be de t ec t ed  COn6iSt of a r a t o r  u n i t .  

a small change i n  ape r tu re  cu r ren t  (from J Coul te r  

counter )  and A change i n  photomul t ip l ie r  anode cur- 

r e n t  ( f luorescence  d e t e c t o r ) .  For success fu l  opcra- 

t i o n  a t  high count ing  rates, base- l ine  res t o r a t i o n  

Is required.  

ampl i f i e r s  f o r  rise times of about S wec,  and the  
o t h e r  urea 71s  ope ra t iona l  . m p l i f i e r s  f o r  rise times 

of less than  0.5 vscc. The latter w i l l  handle rep- 
5 t i t ion  rates up t o  3 x lo pulaes  p e r  second or 

pbi red  p u L u  separa ted  by only  1.S Mutt. 

One a n p l i f i e r  uses 301 opera t iona l  

PION B W  CWARA(XERIST1CS 

(C. Richman and W. D. Jinks) 

Small s i l i c o n  d e t e c t o r s  ( l i t h ium-dr i f t ed  and 

Surface-bar r ie r )  are be ing  t e s t e d  f o r  poss ib l e  use 

i n  s tudy ing  C O I I t 8 m i M t i O r I  a t d  p r o p e r t i e s  of  t h e  pion 

bop .  a t  t h e  W P .  Llec t r tmics  ored  vi th t h e s e  
datectoro u e  conventional 1IU linear mad l o p i c  mod- 

u h 8  w i t h  pulse-height u u l y s l s .  

of various types of r a d i a t i o a a  occur r ing  in t h e  p ion  

beam (components of V8ryhg  Linear energy t r m s f e r ,  

LET), i t  w i l l  b e  necessary t o  have a d e t a i l e d  knw-  
hdge of the p S o  be ing  produced In t h e  detectors. 
By choorin8 the t h i c k n u s  of  the  d e t e c t o m  appro- 

p r i a t e l y ,  rariour p r o p c r t l u  of t h e  b u n  c m  b e  
btought t o  t h e  foregrouod. 

of 100 p or less, t h e  l u g e  p u l s o  v i l l  b e  due t o  
stars. 
be  determined which will b e  a d i r e c t  me8surement of  

the mmentum spectrum of  p ions .  

However, b c u u r e  

thw, in th in  d e t e c t o r s  

By t h i s  =am, u p p i n g  of the stars vi11 

To s tudy  t h e  p u l s u  from electrons, a bE-E 
arrangement h M  b e m  b u i l t  v i t h  2 si l icon d e t e c t o r s .  

A 207Bi test source  is used, urd t h e  E d e t e c t o r  

selects t h e  2 h igh-ene re  conversion e l e c t r o n s  
(974 keV and 1047 keV) in t h e  spectrum. 

d e t e c t o r  (300 LJ t h i ck )  then m e u u r e s  energy loss 
of t hese  e l e c t r o n s .  

adnimum i o n i z a t i o n ,  they  g ive  pu l ses  t h a t  would be  

produced c lose ly  by 200-ntV contamination of t h e  

pion beam. 

The hE 

Because t h e s e  e l e c t r o n s  produce 

A clear l i n e  at around 110 keV is obta ined  f o r  

energy l o s s  i n  t h i s  de t ec to r  system, and t h e  Landau 

width does n o t  appear to  be  very serious. 
Landau spread w i l l  be  s t d i c d  with d i f f e r e n t  de tec-  

t o r  th icknearas .  

t rons  v i 1 1  be  d i s t i n g u i s h a b l e  from pions.  

The 

A t  p r e sen t ,  we f e e l  t h a t  elec- 

To prepare  f o r  t h e  tmor therapy  program, 

phantom m8terials in t h e  form of  s l a b s  are be ing  

m d e  i n  t h e  LASL shops and in t h e  Uaterials Tech- 

nology Group (--6). These s p e c i a l l y  formulated 

p l a s t i c  compounds would approximate bone, lung, 
muscle, s o f t  t i s s u e ,  and Eat. A movable probe v i t h  

loca t ion  readout ala0 Is be ing  designed so t h a t  

mpp ing  of t h e  beam can be s tud ied  in t h e s e  mock 
t i s s u e a .  We also p lan  to  s tudy  t r n n s i t i o n  reg ions  
from one t i s s u e  t o  another.  A t  p r e s e n t ,  t h i s  aspec t  

of t he  pion dooinwtry p r o g r m  is funded from non-AEC 
sources.  
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BIOPBYSICS SECTION 

INTRODUCTION 

During the p u t  yea r ,  t h e  Biophysics Sec t ion  
ha8 been reorganized  because of t h e  formation of  J 

new aec t ion ,  Phys ica l  Radiobiology, w i th in  t h e  poup .  

Thia new a e c t i o n  us-d  t h e  r c s p o n s i b i l f t y  f o r  

phys i ca l  radiobiology, computer app l i ca t ions ,  and 

e l e c t r o n i c s  suppor t  formerly charged t o  t h e  B i o -  

phys ics  Sec t ion ,  and t h u e  J C t i V i t i e c l  are deacrlbed 

e l s n h e r e  in t h t  r epor t .  

n w  a o l e l y  concerned with research  and development 

programs i n  t h e  gene ra l  area of b iophys ics  m d  
ins t rumen ta t ioa  Vith t h e  cu r ren t  major emphasis on 

development and app l i ca t ion  of rap id  methods f o r  

ce l l  a n a l y s i s  and s o r t i n g .  This  major e f f o r t  is 
div ided  i n t o  t h r e e  main sreas: 
t i g a t i o n s  of t h e  l i g h t  s c a t t e r i n g  and o the r  prop- 

erties of mama1i .n  cells t h a t  might be measurable 

by our i n s t r u n e n t a t i o n ,  (2) development of i n s t r u -  

mentation f o r  cell s o r t i n g  and a n a l y s i s ,  and 

(3) app l i ca t ions  of these  methods t o  b i o l o g i c a l  
problems. Our success ,  p a r t i c u l a r l y  i n  t h i s  l a t t e r  

area, has  beer? poss ib l e  because of e x c e l l e n t  

cooperation with members of t h e  C e l l u l a r  Radio- 

biology Section. 

The Biophysics Sec t ion  is 

' 

(1) phys i ca l  inves- 

Flow microphotometry, t h e  method of making 

rap id  o p t i c a l  measuremznts on i nd iv idua l  biolog- 

ical  cells ,  is PI e x c i t i n g  and important emerging 

technology i n  ce l l  research  and has been pioneered 

by personnel of t h e  Biophysics Sec t ion  at L o s  

A l m s .  This  development grew from our  e a r l y  

e f f o r t s  in q u a n t i t a t i n g  Coul te r  counting techniques 

vhich r e s u l t e d  i n  improved Coulter vo lum~ s p e c t r o w  
e t r y  and ce l l  s o r t i n g  based on c e l l  volume. Flou 

microfluorometry (m) is our most Important con- 

t r i b u t i o n  t o  d a t e  i n  t h e  area of o p t i c a l  measure- 

m n t s  on s i n g l e  cells. 
During 1972, FMF w a s  used rou t ine ly  by W L  

personnel as w e l l  as by I n v e s t i g a t o r s  from o the r  

l a b o r a t o r i e s  who v i s i t e d  LASL (Salk I n s t i t u t e ,  

Karolinska I n s t i t u t e ,  Cold Spr ing  Harbor Laboratory, 

h l v e r s i t y  of Houston, Univers i ty  of Texas a t  

Austin,  I l n i v e r s i ~  of New l4xic0, Univers i ty  of 
Colorado, .nd Univers i ty  of C a l i f o r P i s  at Berkeley). 

In post of  t h e r e  a p e r l m e n t s ,  c a l l u l s r  DNA was t h e  

importaat  pa rame tu  measured. 

a u u r e m e n t a  vere made on cells t r e s t e d  by t h e  

f luo rescen t  Peulgea method. 

In euch cases, MF 

A two-color fluorescence sensor h u  been incor -  
pora ted  i n t o  our  m l t i p u a a e t e r  ce l l  s o r t e r .  Use 

of t h e  b i -co lor  fluorescence d e t e c t o r  has  a l l w e d  

us  t o  study ac r id ine  orange-rtained human leucocytes  

t h a t  e x h i b i t  bi-color fluorescence.  We have used 

cel l  s o r t i n g  techniques t o  show t h a t  t h e  cells, 

based on t h e i r  reL f luorescence ,  can b e  c l a s s i f i e d  

as lymphocytes, wnocy tes ,  and granulocytes.  

have a l s o  i n l t i a t t d  work designed t o  ob ta in  nuclear- 

to-cytoplasmic r a t i o s  based upon nuc lea r  and cyto- 

plasmic f luorescczce ;  ethidirnn bromlde-stained DNA 
y i e l d s  red fluorescence,  and f l u o r o i s o t h i o c y a n a t c  

s t a i n e d  p r o t e i n  produces green f lucrescence .  

We 

A dual-paraolrter c e l l  a n a l y s i s  photometer was 
a l s o  designed and cons t ruc ted  dur ing  1972. 

device measures f luorescence  and small-angle l i g h t  
s c a t t e r i n g  s imul tmeous ly  on each c e l l  a s  i t  passes  

through t h e  l a s e r  l i g h t  i n  a flow photometer. Our 

present  a p p l i c a t i r a  uses l i g h t  s c a t t e r i n g  t o  g a t e  

e l e c t r o n i c a l l y  for  f luorescence  a n a l y s i s ,  permi t t iFg  

an e l e c t r o n i c  "clcan up" of t h e  s i g n a l  i n  those  

cases where the  signal would not be d i s c e r n i b l e  from 

noise  present  i n  Lrbris-ladened b i o l o g i c a l  samples. 

This  

More ex tens f r e  t h e o r e t i c a l  s t u d i e s  on l i g h t  

s c a t t e r e d  by b io log ica l  c e l l s  were conducted dur ing  
1972. 

l i g h t  s c a t t e r  f r r s  coated spheres  t o  s imula t e  

mammalian c e l l s ,  t he  core rep resen t ing  t h e  nucleus 

and t h e  coa t ing  the cytoplasm. 

computer ca l cu la t ions  i n d i c a t e  t h a t  t h e  forward 

l i g h t  s c a t t e r i n g  is dominated by gross  s l z e  of t h e  

cell. Outside tbe forvard d i r e c t i o n ,  t h e  s c a t t e r -  
ing  p a t t e r n  is a func t ion  of both nuc lear  and 

cytoplasmic o p t i c a l  p r o p e r t i e s .  Experimental 

S c a t t e r i n g  pa t t e rns  also were obtained f o r  susyen- 
sions of various c e l l  types.  

High-speed computers were used t o  c a l c u l a t e  

Resu l t s  of t h e  

In cases  where c e l l  

E l  



r0ll.w df8t t ibUtfOU~ K a i O  O f  n u c l u r t w h o k  . 
d i w t e r ,  and o t h e r  p rope r t l ea  are wel l  & f i n d  

relation WAS a b t d n e d  b s t n c a  u p e r i r n t e l  .nd 

theoretical s c a t t e r i n g  p a t t e r n s .  
thi. i s  the f i r m t  time that AI& a corplete p h y s i c 4  

b c r l p t i o n  of l i g h t  scattering from mmrdian 

h.. been a b t d n e d .  Thue B t u d i u  ho ld  p r m f s e  for 
cell i d e n t i f i c a t i o o  on y e t  another  pa rape te r  yu- 
=&le vith our  flow .pstetm. 

r0 a d d i t i o n  to t h e  expeti=nL. r u t i m e d  .bora, 
b i o l o l i c l l  a p p l i u t i o n a  of ou r  phys i ca l  method. h.va 
been pursued vith o t h e r  pc r sopn t l  at t h e  LASL m d  

vith o t h e m  as p a r t  of our u t w l - i n t e r e s t  p r o p -  

vith t h e  U. s. D e p u m n t  of Agr icu l ture  and t h e  

Nat iona l  Cmcer I n r t i t u t e .  These c o l l a b o r a t i v e  

e f f o r t s  i nc lude  e f f e c t s  of s t r e a r i n g  agent. such as 
rml i a t ion ,  temperature,  and chemicals on t h e  l i f e  

c y c l e  of  nmmnalian  cell^; p lo idy  s t u d i e s  011 trm- 
formed m m m l i r n  cells; eoqmr iaon  of chromos- 
banding techniques  v i t h  DNA determina t ions  by ENT 
t echniques ;  DNA d e t e m i n a t i o n a  on several t r ans -  

p l e n t a b l e  t m o r s ;  a p p l i c a t i o n s  of cell s o r t i n g  t o  

human cervical m a t e r i a l ;  improved octhods of cel l  
end t i r a u e  p repa ra t ion  f o r  MF 8pp l i ca t ions ;  fluo- 

r e scen t  antibody techniques ;  i n v e s t i g a t i o n  of l i g h t  

s u t t e r i n g  techniques u a p o s s i b l e  i n d i c a t i o n  of 

viral i n f e c t i o n  of mmm1iM cells;  and b inding  of 

p l an t  lectins such u fluorescein-tagged concana- 

v a l i n  A t o  c e l l  su r f aces .  

(8-g-e C1 CBO all@) l hi& &Gee of COP 

To our howledge ,  

The unique ce l l - ana lys i s  methods developed 

h e r e  at t h e  LASL are rece iv ing  inc reas ing  a t t e n t i o n  

v i t h i n  t h e  s c i e n t i f i c  comuni ty .  I n  t h i s  r e spec t ,  

one of us (M. A. Van D i l l . )  has been i n v i t e d  t o  

p a r t i c i p a t e  i n  t h e  es tab l iohmcnt  of a similar e f f o r t  

a t  t h e  Laurence Liveroore Laboratory of t h e  Voiver- 
s i t y  of Ca l i fo rn ia .  D r .  J. 0. Uatson of t h e  Cold 

Spr ing  Harbor Laboratory i n v l t e d  NO of us (L. S. 
Cram and H. A. Crissmen) t o  p a r t i c i p a t e  i n  t h e  

s ~ u a m r  progrun a t  Cold Spr ing  itarbor. 

B C i t ~ t i 8 t r  and an MF unit were s e n t  t h e r e  t o  demon- 

strate t h e  ?MF technique. 
i n s t i t u t i o a a  l i s t e d  above, inves t iga tor .  from both 

t h e  United S t a t e s  a d  abroad have s e n r w  BaEIphB 

Thue two 

In add i t ion  to  t h e  

f o r  4n8lySi6 CB p a r t  Of mtUl-btem6t S tud iw .  

Ue are also p leased  to repor t  t h a t  A. Brun- 
s t i n g ,  an Asaocisted Western U n i v e r s i t i e s  prc- 

doc to ra l  f e l l o v  from t h e  Phys ics  Departmhnt at t h e  

lhivetlity of #cu W c o ,  r u c c u 8 f u l l y  capple ted  

the W.D. r e q u i r e m a t .  ln A u w t  1972, During h i s  

r t q  at the LASL, Dr. Bnm8ting p a r t i c i p a t e d  i n  t h e  

Biophysics Sac t ion ' s  e f f o r t  on t h e  t h e o r e t i c a l  and 

u p e r i m n t r l  aspect. of l i&t s a t r e r i n g .  

ctll, MALTSIS bJtD SQJZlc IIGTRLMENTATIOU DEYEIDP- 

ze#T 

(A. ? r u n r t h ~ ,  J. E. Catlter, L. S. Crm, 3. L. 
Homey, 3. C. Martin, ?. 1. Lkl lu l ey ,  J .  A. Ste in-  

-, If. A. V.n Dt1.13.. .nd  U. f. West) 

D i f f e r e n t i a l  L i g h t - S u t t e r i n g  S i r n a t u r e s  of  Mma- 
UM h1& 

& we r e v r t e d  in the 1971 annual  report, 1 

-Ian cells have been 8i .u la ted  in computer 

modst as coated spheres ,  t h e  core rep resen t ing  t h e  
nucleua m d  t h e  coati- c y t o p l u o .  

n g n e t i c  theory  ca l cu la t ions2  f o r  i n d i v i d u a l  par- 

t i des  vith c e l l - l i k e  o p t i c a l  parameters i n d i c a t e  

t h 8 t  U g h t  s c a t t e r e d  i n  t h r  forward d i r e c t i o n  i 8  

dominated mainly by t h e  gross s i l h o u e t t e  of t h e  par- 

t i c l e  and con ta ins  Information on p a r t i c l e  size and 
t h a t  beyond the fontmrd lobe  t h e  s c a t t e r i n g  p a t t e r n  

from a coated  p a r t i c l e  is S i @ f i u n t l y  d i f f e r e n t  

from a simple humogeneou~ sphere.  

CY*, t h e  o c a t t e r i n g  p a t t e r n  i s  dependent upon 

o p t i c a l  p r o p e r t i e s  of  bo th  t h e  core and coa t .  

E u C t  e l e c t r o -  

I n  t h e  lat ter 

- 
During 1972 somc of our t h e o r e t i c a l  p red ic t ions  

have been tested vith s u s p c n s b n s  of -ian cells. 

A siIpple but unique l i g h t - s c a t t e r i n g  photomcter 

v u  conat ruc ted  f o r  t h i s  purpose and is shovn sche- 

u t i c a l l y  in  Fig. 1. The photometer is housed I n  a 

2.5-foot-diameter cy l inde r .  

a 5-aY helium-neon l u e r  (Spec t ra  Phys ics  Hodel 120) 

i n t o  t h e  photometer is by s h u t t e r .  

p u r e r  through a v a r i a b l e  a p e r t u r e  to  reduce C X t r 8 -  

neous n o n l u i n g  l i g h t  and i a  r e f l e c t e d  from a f r o n t  

su r f ace  mlr ror  through-. s p e c i a l l y  designed cuvet te .  

The main laser beam and some fo rva rd  s u t t e r e d  

l i g h t  are c o l l e c t e d  in a Rayh igh  horn b- dump. 

Light s c a t t e r e d  by t h e  p 8 r t i c l e r  in t h e  c u v e t t e  
is recorded on high-speed, r ed - sens i t i ve  f i l m  

3 

Contro l  of  l i g h t  from 

The l i g h t  then  

(K0d.k 2179 RAR ASA 400, 16-m X 125-fOot rolls) 
vhich is held  i n  8 t r a c k  on t h e  i n s i d e  s u r f a c e  of 

t h e  photometer. 

eade from each ro l l  Of f i b .  Fiduc ia l  markers on 

t h e  f i l m  holder  cast shadows on t h e  film a t  30. 

Approximately 34 cxposurcn can be 
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VARIABLE/ I ' \CUVETTE 
TABLE - 

D cm LASER 

LASER 
TABLE 

* WPROX)  

\AZIMUTHbL A%" HORIZONTAL 
ADJUSTING SCREWS 

F I G .  1. Schematic diagram of t h e  f i l m  photometer. 
The laser provides i n c i d e n t  l i g h t  t o  the  
scatterers i n  t h e  cuve t t e .  Most of t h e  
laser l i g h t  is dumped i n t o  t h e  Rayleigh 
horn v h i l e  t h e  f i l m  records t h e  s c a t t e r e d  
l i g h t .  

I n t e r v a l s ,  pe rmi t t i ng  f i lm  d i spe r s ion  t o  be  =as- 
ured on each exposure. A f t e r  exposure, t h e  f i ln 
is  developed i n  a Kodak Versamat Model l l c  us ing  

type  B chemistry.  This procedure produces a typ- 

i ca l  dynamic range of t h r e e  decades, which can be 

extended by a l lowing  some over lap  between exposures 

and reducing i n t e n s i t y  i n  t h e  foruard  d i r e c t i o n  by 

use of n e u t r a l  dens i ty  f i l t e r s .  Developed f i l m  is 
read  with a m l c r o d e n s i t ~ t e r .  Through t h e  use of 

s u i t a b l e  c a l i b r a t i o n ,  f i l o  dens i ty  a6 a funct ion  

of d i s t ance  on t h e  f i lm  can be converted i n t o  

s c a t t e r i n g  i n t e n s i t y  as a func t ion  of s c a t t e r i n g  

angle .  Using these  techniques ,  ve have obtained 

r c a t t e r i n g  p a t t e r n s  f o r  t h e  angular  range of 2.5 t o  

177.. 

It is vel1 k n w n  t h a t  angular  pos i t i ons  of the  

maxima and min im in t h e  s c a t t e r i n g  p a t t e r n  are 
Important func t ions  of p a r t i c l e  For t h i 6  

reason, i n  4 suspension of p a r t i c l e s  vhich are slm- 
i l a r  in colnpor i t im but  not i d e n t i c a l  i n  size, SO- 

smearing out  of t h e  s c a t t e r i n g  p a t t e r n  should be 

expected. Therefore ,  i t  is important t h a t  t h e  

w a n  site, s i ze  d i s t r i b u t i o n ,  and r e f r a c t i v e  index 

of t h e  p a r t i c l e s  are vel1 charac te t ized .  One a l s o  

needs t o  e s t a b l i s h  t h a t  t h e  photometer has s u f f i -  

c i e n t  r e s o l u t i o n  t o  record  t h e  e s s e n t i a l  f ea tu re s  
of t h e  s c a t t e r i n g  p a t t e r n  of i n t e r e s t .  This l as t  

cons idera t ion  was accomplished by a c a l i b r a t i o n  

. p'mcedure which ILIW extremely rmlforn  diameter 

po lys tyrene  micrcspheres produced at t h e  Loa Alamoa 

S c i e n t i f i c  L . b O r r t O r y . '  The r e f r a c t i v e  index of 
. the spheres  vas w u r e d  by ur L P c r s f o n  technique 

.nd  found t o  be 1.562 2 0.002 (with respect t o  a i r ) .  

Op t i ca l  d c r o r c o p y  urd Cou l t e r  volume spectrometry 

1Lauure-a of the spheres  provided information on 
=at di-tcr (10.5 pLcrop11) urd c o e f f i c i e n t  o f  

variation of wl- (3  to  4 pcrc ra t ) .  
Light s c a t t e r i n g  measurements made a t  concentra- 

4 t lons of  5 x 10 p u t i c l e s / m l  are shown in Fig. 2. 

At  this concent ra t inn ,  t h e  p a r t i c l e s  behave as 
independent s c a t t e r i n s  centers (i.e., i n c r e ~ s i n g  t h e  

concent ra t ion  produces a propor t iona l  signal increase 
v i t h  no  change io  shape of  t h e  s c a t t e r i n g  curve).  

U 

1 

0; 

PIC. 2.  A comparison of theory  m d  experiment f o r  
t h e  o ic rosphere  scatterers. A semi-log 
scale of t h e  r e l a t i v e  i n t e n s i t y ,  computed 
( th in )  and meeasured ( t h i c k ) ,  versus  
s c a t t e r i n g  m g l e ,  6, i n  degrees.  Theory 
accounted for t h e  s i z e  d i s t r i b u t i o n  of t h e  
spheres  mnd angular  r e s o l u t i o n  of t h e  
photometer. The experimental  curve was 
cor rec t ed  f o r  photometer s c a t t e r i n g  by 
t ransmiss ion  p r o p e r t i e s  of t h e  cuvet te .  
Theore t i ca l  curves are given by dashed 
l i n e s  and experimental  by a s o l i d  l i n e .  
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lhorr t i iu l  ruultm u8 shom by the do t t ed  c o ~ a  

a d  r r p e r t n n t d  rrsults by t h e  s o l i d  CUIP.. U- 
thoush the CUfF.s do n o t  ut& e x a c t l y  in shape,  

tbeir ydm a d  rldma agree q u i t e  VU (Table 1). 
The - a n t  between theory .nd u p e t i r n t  con- 

firr the =curacy of  r u u r a d  size d b t r i b u t i o o r :  

f o r  the sphuu based upon dcroscopic and Coul te r  

-1- q e c t r o o c t t i c  meuureints. L l g h t - s u t t e t i l r g  

.uIuI .nntm r i d d  a YQI d i a m t e r  of U.3 J c t a u  

u coppared w i t h  30.5 der- u d e t e m i n e d  by o the r  

rthoda . 
'Ibe d,iffercnce la relative h t e r m i t y  bstween 

t h e  hro Curve8 (ng. 2) Sa u w r d  by u m b e r  of 
factors. 
are no t  W o t h ,  a d  o p t i c a l  d c r m c o p y  r h ~ n  them 

t o  have a g o l f b a l l - U k e  su r face .  Theoretical crl- 
a r l a t i o a r  u s m a d  a p e r f e c t l y  uniform spherm. 

add i t ion ,  t h e r e  I s  m uncertainty of &out 5 percent  

I n  nmsurement of film denr i ty  response character-  

i s t iw vhich i r  no t  a l i n e a r  func t ion  of i n t e n s f t y .  

The f a c t  t h a t  t h e  maxima wad minima agree so w e l l  
demonstrat- t h a t  t h e  f i lm  photooater  has n u f f i c i e n t  

r u o l u t i o n  t o  L a s u r e  t h e  main c h a r a c t e r i s t i c s  i n  

t h e  r c a t t e r i n g  p a t t e r n  obtained f r m  p a r t i c l e s  vith 

t h e  d i m s i o n 8  of rprOl0ulf.n cells. 

Although m i f o r m  i n  d i m e t e r ,  the .pheres 

I n  

For a11 p a r t i c l e s  8 tudied  by t h i s  =thod,  man 

size, s i r e  d i e t r i b u t i a ,  and r e f r a c t i v e  index vere 

r a s u n d .  

p a r t i c l e s  vera m d i f i c d  t o  account f o r  s i r e  d i s t r i -  

bu t ions .  

ob ta in  t h e  ca l cu la t ed  i n t e n s i t y  con t r ibu t ion  from 

each p a r t i c l e  in t h e  d i s t r i b u t i o n .  These r e s u l t s  

ve re  then v d g h t e d  accord ins  t o  t h e  measured d i m -  

eter d i s t r i b u t i o n  and in t eg ra t ed  across t h i s  d i s -  

t r i b u t i o n  func t ion  t o  y i e l d  t h e  t h e o r e t i c a l  curves 

The colnputer codes v r i t t e n  f o r  i nd iv idua l  

Thus, at each S c a t t e r i n g  m g h ,  W e  Could 

TABLE 1. LOCATIONS OF M[LHA AND WINIMA FOR THEORY 
AND EWERIHENT IN THE W E  OF P W n C  
MICROSPHERES (see Fig.  2) 

4.25 7.25 4.5 7.2 

9.00 10.50 9.0 1o.s 
11.75 13.50 11.9 - 13.6 

15.00 16-50  15.0 16.5 

18.00 19.50 17.9 19.3 

20.75 22.25 20.8 22.1 

23.50 24.75 23.5 25.0 

shaurr in thfr repor t .  

given e l m h e r e .  

ture cell Ilne. and ruults f o r  Cbinrsa h-ter 

cellr (line CEO) are reported here .  Using the 
technique of Tobey 
in thg I stage of the l i f e  -de .  

-ts were d e  f o r  t h u e  cells and f o r  cella 
r l l w e d  to e n t e r  e a r l y  %. 
mined U & t - g c a t t L d n B  C W . 8  then v a n  c m a = d  

w i t h  t h e o r e t i c a l l y  der ived  cutoca for coa ted  
spheres  of t h e  a p p m p r h t e  p a r m e t e m  m d  equ iv r l en t  

bowgeneour rpheres .  

formation on both CfIO cells and spheres  w u  ob- 
9 

t d n e d  vith a l8minar f lcu Coul te r  voluoh s m s o r .  

CXO ceUs in Gl v e r e  found t o  have a wan diameter  

of 11.5 microns urd a ~01~68 c o e f f i c i e n t  of var ia -  
t i o n  of 13.6 percent .  Pbotolnicrographs of s e v e r a l  

hundred of t h o e  cell8 van? made, and t h e  r a t i o  of 
n u c l u r  diameter  t o  whole cel l  diameter  v u  cal- 

cula ted  t o  be 0.73 2 0.08. Using a p h u r  d c r o s -  

copy technique," t h e  r e f r a c t i v e  index  of t h e  nu- 

c leus  and cytoplasm (vith r e spec t  t o  rLr)  vas found 

t o  be 1.392 and 1.3703, r e spec t ive ly .  

c e l l s  a r e  i e r s e d  i n  a water - l ike  = d i m ;  i n  which 

u s e ,  t hcse  f i g u r e s  become 1.030 (cytopl8sm) m d  

1.007 (nucleus). 

t i v e  index (m) of c e l l s  and t h e i r  dens i ty  (d) a r e  

r e l a t e d  by (n - 1) d- l  = k. 
Anderson,1Z vhich demonstrated t h a t  t h e  dens i ty  of 

Q i O  c e l l s  is q u i t e  c o q t a t .  ve i n f e r  t b 8 t  t h e  

r e f r a c t i v e  Index Is not very v a r i a b l e  among these  
cells. Thir information var u8ed t o  c a l c u l a t e  

t h e o r e t i c a l  s c a t t e r i n g  curve8 f o r  CHO c e l l s  in t h e  

C1 s t a g e  of t h e  cell cyc le .  me computer prograa  
treats t h e  r e f r a c t i v e  i n d i c e s  of both nucleus and 

cytoplasm as being  conr t an t  f o r  the values 8 t a t e d  
above. The r a t i o  of nuc lear  diameter  t o  whole cell 
di-ter va8 &so assuasd t o  be  c o n s t a t  and equa l  

to  0.73. b a n  volume and voluol  d i s t r i b u t i o n  of 
t h a t  c e l l s  v e r e  a l s o  incorpora ted  i n t o  the corn- 

Pute r  program. We a l s o  c a l c u l a t e d  l i g h t  s c a t t e r i n g  
from an equiva len t  homogeneous sphere  i n  vhich  t h e  

man r e f r a c t i v e  index vas equal  t o  t h e  VoluOr- 
averaged r e f r a c t i v e  Index of t h e  n u c l e m  urd cyto- 

P1mm.6 A - v * r i S o n  Of t h e s e  tvo t h e o r e t i c a l  

r e s u l t s  with experimental  d a t a  is shown i n  Pig. 3. 

Detal& of thL r p p r m c b  are 
6 

) k u u r a o m r t r  vere r& on several tissue cul- 

7 

&. ,8 all8 vere smmcbdzsd 
S c a t ~ r i n g  nu- 

E x p e r i m n t a l l y  dater- 

k u r  cell v o l m e  c d  -01- d i s t r i b u t i o n  in- 

Howaver, 

Barer'' has r h m  t h a t  t h e  r e f r ac -  

From t h e  vork of 



SCATTERING A h U  (drgl 
FIG. 4. Theoretical p l a t  m d  corresponding exper- 

i = n t a l  r e s u l t s  f o r  t h e  d i f f e r e n t i a l  
s c a t t e r  pa t t e rns  f o r  H Chinese hamster 
ovary cells in M. 
geneous sphere ( t h i n  s o l i d  l i n e )  and exper- 
imenta l  results are shown. 

The equjva len t  homo- 

no  well-defined nucleus. In  t h i s  ca se ,  CHO cel ls  
i n  H a r e  q u i t e  w e l l  modcled as homogeneow spheres  

over t h e  angular  range of i n t e r e s t .  

no te  t h a t  v i r t u a l l y  a l l  t h e  s c a t t e r i n g  by cells is 
conteined i n  t h e  f i r s t  25.. 

We should 

These preliminary s t u d i e s  were conducted on 
suspensions of l i v i n g  c e l l s .  Perhaps t h e  most 

i n t e r e s t i n g  r e s u l t  is t h a t  l i g h t  s c a t t e r i n g  a t  
l a r g e r  angles is influenced by t h e  i n t e r n a l  s t ruc -  

t u r e  of t h e  c e l l s .  We plan  t o  inco rpora t e  a wide- 

angle l i g h t - s c a t t e r  sensor on our flow photometers 

t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of wide-angle 

s c a t t e r i n g  as another parameter f o r  ce l l  iden- 

t i f i c a t i o n  i n  flow-systes ana lys i s .  ' 

dL a " lo " ' ' ' ' I  ' ' m " ' ' * n ' 
SCATTERING AMLEUq) 

RC. 3. Tvo t h e o r e t i c a l  p l o t s  8nd corresponding 
experimental  r e s u l t s  f o r  t h e  d i f f e r e n t i a l  
s c a t t e r  p a t t e r n s  f o r  C 1  Chinese hamster 
ovary cells. The coated sphere ( t h i n  
s o l i d  l i n e ) ,  t h e  equ iva len t  homogeneous 
sphere  ( t h i n  dashed l i n e )  whose r e f r a c t i v e  
index  has  been vol;lme-averaged from the  
coa ted  sphere ,  and t h e  experimental  results 
( th i ck  s o l i d  l i n e )  are shown. 

The log  of t h e  s c a t t e r i n g  i n t e n s i t y  is p l o t t e d  as a 
func t ion  of s c a t t e r i n g  angle .  Experimzntal results 
are given by t h e  heavy s o l i d  curve,  coated sphere 

t h e o r e t i c a l  r e s u l t s  by t h e  l i g h t  s o l i d  curve,  and 

equ iva len t  homogeneous sphere t h e o r e t i c a l  r e s u l t s  by 

t h e  dashed curve.  

t a ined  with cel ls  i n  a concent ra t ion  of 10 c e l l o l d .  

Below 7 t o  8' a l l  t h r e e  curves agree  q u i t e  w e l l ,  

i n d i c a t i n g  t h a t  gross  site e f f e c t s  pr imar i ly  domi- 

n a t e  the  s c a t t e r i n g  response i n  t h i s  angular region. 

Beyond 6' t h e  l i g h t  s c a t t e r i n g  from the  coated 

sphere 1s cons iderably  less than  t h a t  from t h e  equiv- 

a l e n t  homogeneous sphere .  

experimental  maxima and minima agrees q u i t e  w e l l  

with t h e o r e t i c a l  r e s u l t s  f o r  coated spheres ,  al- 

though t h e r e  is so= vash-out beyond roughly IS', 

probably because of he te rogenei ty  not  accounted f o r  
i n  t h e  model for CHO cells. The main f e a t u r e  of 

Experimental r e s u l t s  were ob- 
5 

The pos i t i on  of t h e  

3 I s  t h a t  actual c e l l s  behave much more l i k e  
coated sphe res  than homogeneous spheres.  

f o w a r d  d i r e c t i o n ,  t h e  s c a t t e r i n g  curve reflects 
nuc lea r  p r o p e r t i e s  of t h e  c e l l .  

Beyond t h e  

Figure 4 shows experimental  s c a t t e r i n g  from CHO 

c e l l s  i n  H as compared vltli an equiva len t  homo- 

gcoeous sphere .  Unlike G c e l l s ,  t hese  c e l l s  show 1 

.. 

.- 
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Uultiparameter C e l l  S o r t e r  

A multiparameter ce l l  a n a l y s i s  urd s o r t i n g  

cys t an  f o r  use i n  cell biology r e rea rch  and p o s s i b l e  

C l h i C 8 1  a p p l i c a t i o n s  has  been developed. 
samples s t a i n e d  wi th  a f luo rescen t  dye t h a t  spe- 

c i f i c a l l y  l a b e l s  biochemical components of i n t e r e s t  

are suspended i n  phys io log ica l  s a l i n e  and introduced 

i n t o  a flow chmber where o p t i c a l  and e lectr ical  
senso r s  =asure  cel l  volume (Coul te r  method) s ing le -  

or two-color f luorescence ,  and s c a t t e r e d  l i g h t .  

S igna l s  from t h e  senso r s  a r e  e l e c t r o n i c a l l y  pro- 

cessed i n  a variety of ways t o  provide optimum cel l  
d i sc r imina t ion  and are d isp layed  as frequency d is -  

t r i b u t i o n  histograms. 

compared wi th  p re se l ec t ed  s t anda rds ,  and t h i s  t r i g -  

ge r s  s o r t i n g  of  t h e  des i r ed  c e l l s .  

mamnalian tissue c u l t u r e  c e l l s ,  human leucocytes ,  

and o the r  samples have been analyzed and so r t ed .  

C e l l  

Processed s i g n a l s  a r e  a l s o  

Populations of 

Figure 1 illustrates a cut-may s e c t i o n a l  view 

of the  o u l t i p a r a m t c r  cell a o r t e r .  

s t a i n e d  cells d i spe r sed  i n  s a l i n e  are introduced 

(lo00 c e l l s / s e c )  i n t o  a dua l  shea th  f lov  chamber via 

t h e  sample i n l e t  tube.  Flowing c o u i a l l y  around t h e  

i n l e t  tube  is a p a r t i c l t - f r e e  shea th  f l u i d  (sheath 

No. 1) of s a l i n e .  Because t h e  flow is 1.IPin.r. t h e  
ce l l  stream and surrounding shea th  do not mix but  

move t oge the r  through a Coul te r  v o l d  sens ing  Ori- 

f i c e ,  w h e n  c e l l  volume is arasured  e l e c t r o n i c a l l y .  

The f l w  next  e n t e r s  a f l u i d - f i l l e d  viewing region 

where i t  intersects an  argon-ion laser be=, C ~ U S -  

i n g  l f & t  s c a t t e r i n g  and f luorescence .  Both these 

Fluorescent ly  

FIG. 1. The mul t ipa ra rmer  c e l l  s o r t e r .  

s i g n a l s  a r e  e l ec t ro -opr i ca l ly  measured; t h e  f luo res -  

cence sensor  is a dua l  pho tomul t ip l i e r  array whfch 

permits measurements of r ed  and green f luorescence .  

Light s c a t t e r  is maasuzcd i n  t h e  forward d i r e c t i o n  

by blocking t h e  laser h a m  with  an o p t i c a l  s t o p  and 

focusing the  forvard r m t t e r e d  l i g h t  onto a photo- 

diode. 

A second shea th  f l u i d  (sheach No. 21, a l s o  of 

s a l i n e ,  flows coaxia l ly  around t h e  c e l l  stream- 

shea th  No. 1 flow. "be t o t a l  f law j t t s  out i n t o  t h e  

a i r  from an  ex i t  n o z z t .  A p i e z o e l e c t r i c  t ransducer  

nechanlca l ly  coupled t 8  the flow c h d e r  and e l ec -  

t r i c a l l y  dr iven  a t  4 5  LHz produces uniform l i q u i d  

d rop le t s  (45,0oO/sec) by r egu la r ly  d i s t u r b i n g  t h e  

emerging je t .  

s i n g l e  l i q u i d  d r o p l e t s  i n  t h i s  Iprnner.' A group of 

d r o p l e t s s  one of uhicb w i l l  con ta in  a ce l l  t o  be 

s o r t e d ,  Is electrically charged at t h e  poin t  of  

d rop le t  formation (charging e l ec t rode )  and is then 

de f l ec t ed  by a s ta t ic  electric f i e l d  i n t o  a co l l cc -  

t i o n  vesse l .  

c 

Cells u e  i s o l a t e d  e f f e c t i v e l y  i n t o  

S igna l s  from the c e l l  s enso r s  are routed t o  a 
hard wired mul t ipar r rmter  ana log  s i g n a l  p r o r c s s t r g  
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unit. Processed 8 i p d . s  am then routed  t o  a * 

mltichmnel p u l s t h e i g h t  m d y t e r ,  where frequency 

d i s t r i b u t i o n  h i s t o g r a m  of ce l l  volrrme, f l uo res -  

cence, l i g h t  acatter, or a Coobination of  these 

parameters c m  be displayed. Processed signals 
also t r i g g e r  cell sorting by ctmparing t h e  anpl i -  
t ude  of each proceared signal pu l se  t o  A p r e s e t  

s t anda rd  ( i .e . ,  i f  the s i s a l  amplitude f a l l s  

within a prese l ec t ed  renge, an appropr i a t e  elec- 
t r d c  de lay  is a c t i v a t e d  w h i c h  triggers a drop le t  

charging pu l se ,  causing t h e  d rop le t  conta in ing  t h e  

cell  t o  be  charged and subsequently def lec ted) .  A 
group of  d r o p l e t s ,  w u r l l y  about 9 ,  is then sorted 
from t h e  d n  stre-. Those cells f a i l i n g  t o  meet 
t h e  cr i ter ia  of t h e  p r e s e t  otandards do no t  t r i g g e r  

8 o r t i n g  and are allowed t o  pass  t o  a w a s t e  vesse l .  

I n  A t y p i c a l  experiment 10 t o  lo  cells are s o r t r d  

i n  few minutes. 

4 5 

Figure Za s h w s  t h e  volume and f luorescent  

Feulgen DNA histograms of Chinese hamster ( l i n e  CHO) 
4- . . . . . . . . , . . , 

t 

c(urr*l Number 

FIG. 2 .  Volume, DNA, and DNA-to-cell volume d i s -  
t r i b u t i o n  histograms of Chinese h-ter 
ovary c e l l s  grouing asynchronously i n  sus- 
pension c u l t u r e :  ( A )  volume and DNA d i s -  
t r i b u t i o n ;  (B) DNA-to-cell VOlme d i s t r i b u -  
t i o n ,  and (C) volume d i s t r i b u t i o n  of GI 
8nd GZ + ?I c e l l s .  

cells g r d n g  a~ynchmnous lg .  

s t a ined  vith the f l w r o c h r o a c  acriflavine ruins t h e  

f luo rescen t  F e u X p d  procedure. DNA d i s t r i b u t i o n s  

8 h m  two peaks: 
d i p l o i d  DNA (C1 phase) having a c o e f f i c i e n t  of  varia- 
tion of 6 percent ,  and t h e  mecond p u k  r ep resen t8  

cella with t e t r a p l o i d  DNA content  (G, and X phase). 

The region be tveen  t h e  peaks r ep resen t s  cells syn- 

thesizing DNA (S phase). 

a d a l  f luorescence  istensitice of the NO peaks is 
2.04, very close t o  the expected rdue of 2.00. 

volume d i s t r i b u t i o n  is broad, unlmodal, and t y p i c a l  
of a cell popula t ion  i n  exponent ia l  growth. 

DNA-to-cell v o l u m  ratio f o r  t h i s  ce l l  popula t ion ,  

These cells are 

t h e  f i r s t  r ep resen t s  t h e  cells v i t h  

The ratio of C1 m d  C2 + I 

C e l l  

The 

shown i n  F ig .  a, fS  UnhOd81 W i t h  Coe f f i c i en t  Of 

v a r i a t i o n  of  15 percent.  Volume d i s t r i b u t i o n  of  C1 

cells (Fig. ZC) w a s  cbtafned by ana lyz ing  only those  

Coul te r  6ensor signals assoc ia t ed  v i t h  t h e  f luores-  

cence signals ind ica t ing  t h e  C1 amount of DNA ( see  

Fig.  2.). 

+ !4 c e l l s  vas obtained by ana lyz ing  only those  

Coul te r  sensor  signals as soc ia t ed  v i t h  t h e  G2 + M 
f luorescence  peak of t h e  DNA d i s t r i b u t i o n .  Modal 

V o l u m e  ra t io  (C2 + H)/G1 is 1.7 ,  less than t h e  t o t a l  

volume fuc rease  over the- l i f e  cyc le  of t h e  ce l l  
(double) because ttw Lns trument is measuring average 

c e l l  volume d i s t r i ; ?  . ions of t h e  G 

phases. 

S imi l a r ly ,  t h e  volume d i s t r i b u t i o n  of G2 

and C2 + H 1 

The red and g r r i n  f luorescence  of human leuco- 

cy tes  s u p r a v i t a l l y  s i a ined  with t h e  metachromatic 

fluorochrome ac r id ioc  orange3 is shown i n  Fig. 3. 
When leucocytes  of d i l u t e d  whole blood a r e  s t a i n e d  
8ccordlng to  t h i s  prccedure,  cytoplasmic granules  

e x h i b i t  red fluoresccnce whereas t h e  nucleus fluo- 
resces  green. Erythrocytes do not  take up t h e  

ac r id ine  orange s t a i n .  The b i -co lor  f luorescence  

sensor vas  set t o  measure green and red f luores-  
cence, and t h e  ce l l  s o r t i n g  l o g i c  vas ad jus ted  t o  

sepa ra t e  leucocyte? having a r ed  f luorescence  

corresponding t o  region 1. D i f f e r e n t i a l  micro- 
tscopic counts on sor ted  leucocytes  show t h a t  approx- 

imately 95 percent  a r e  lymphocytes. 
ing  l o g i c s  are adjus ted  t o  s e p a r a t e  cel ls  ly ing  

wi th in  regions 2 and 3, subseqwnt  microscopic 

counts s h w  t h a t  90 percent  of t h e  c e l l s  separa ted  

from region 2 are monocytes and t h a t  95 percent  sep- 

a ra t ed  from reg ion  3 a r e  granulocytes .  

When t h e  s o r t -  

Because of t h e  l a r g e  r a t i o  of ery throcytes  t o  
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his togram o f  normal human leucocytes  
8 I Q r a v i t k l l y  s t a i n e d  v i t h  a c r i d i n e  orange. 

FIG. 3. Red and green f luorescence  d i s t r i b u t i o n  

leucocytes  i n  normal h m a n  blood. leucocyte  volume 

d i s t r i b u t i o n s  cannot be obtained without p r i o r  

saponin hemolysis of e r y t h r o c y t e s .  This  d i f f i c u l t y  

can be overcme by s o r t i n g  a11 green f l u o r e s c i n g  

cells, thus  producing a leucocyte-enriched sample. 

This sample is then re in t roduced  i n t o  t h e  sorter, 
and t h e  volume of c e l l s  s h a r i n g  only green f luores-  

cence is m?arured.4 

of y i e l d i n g  J l eucocyte  volume d i s t r i b u t i o n  without  

r e q u i r i n g  saponin hemolysis. 

This  method has t h e  advantage 

5 

A second m u l t i p a r ~ t e r  cel l  sorter is under 

Construct ion p r e s e n t l y ,  w i t h  a completion d a t e  O f  

e a r l y  1973. 

t o  b i o l o g i c a l  experiments, whi le  the  present  sorter 
system cont inues  t o  be w e d  for some l imi ted  

b i o l o g i c a l  experiments  coupled v i t h  instrument  

development ( i . e . ,  ncy cel l  s e n s i n g  l r t h o d s  and 

de termina t ion  of opt imal  d e t e c t i o n  parameters). 

Current  experiments undervay on t h e  present  c e l l  
sorter inc lude  e th id ium bromide-fluorescein iso- 

th iocyanate  (FIX) s t a i n i n g  f o r  DNAIce11 p r o t e i n  

s t u d i e s ,  f luorescein-conjugated concanavalin A 

bound to membrane s u r f a c e  sites, continued s tudy of  

This u n i t  is intended t o  b e  dedica ted  

human .ad animal (hamster) l eucocyte  characterisa- 

tioo v i t h  t h e  metachromatic fluorochrome a c r i d i n e  

orange, and work oa cells from s o l i d  tumors and 

c x f o l i a t  ive ut etial. 
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A Dual-Parameter C e l l  Uicrophatometer 

During 1971, a dual-parameter microphotometer 
was developed and subjec ted  t o  i n i t i a l  t e s t i n g .  

d u a l - p a r m t e r  i n s  t r u w n t  descr ibed  h e r e  r e p r e s e n t s  

a combination of  t h e  f luorescent  microphotometer 
2 and light-scattering photometer developed ear l ier .  

Each c e l l  s t a i n e d  wi th  an a p p r o p r i a t e  f l u o r e s c e n t  

dye produces a p u l s e  of f luorescent  l i g h t ,  as w e l l  

as a pulse  of s c a t t e r e d  l i g h t  u It c r o s s e s  a beam 

of b lue  l i g h t  from an argon laser. These s i g n a l s  

occur simultaneously urd can be used u two de- 

s c r i p t o r s  f o r  each cell.  A f t e r  d e t e c t i o n ,  each 

s i g n a l  is ampl i f ied  and fed  through a dual-parameter 
process ing  u n i t .  

met. t h e s e  two s i g n a l 8  aie then  8 v a i h b l e  f o r  

pulse-lieight a n a l y s i s .  
quency his togram of f luorescence  or l i&t scatter 
of t h e  cel ls  of i n t e r e s t .  

The 

I 

I f  c e r t a i n  l o g i c a l  condi t ions  are 

The n e t  r e s u l t  18 a fre- 

A schemrt ic  diagram of t h e  dual-parameter 
photometer is shown i n  Fig. 1. The f l w  chamber is 

2 b a s i c a l l y  t h e  same as t h a t  descr ibed  previously.  

Laminar flow is e s t a b l i s h e d  w i t h i n  t h e  chanbcr, and 

t h e  c e l l s  are i n j e c t e d  as t h e  core of the  main f l w .  

J u s t  p r i o r  to  e n t e r i n g  t h e  viewing area, the  e n t i r e  

. 
c 

. 



FIG. 1. Schenut ic  of t h e  dual-prrameter flov micro- 
f l u o r o a e t e r .  me argon-ion laser beam 
(lwer r i g h t  corner)  is focused vith a 20- 
cm l e n s  to.. SO-micron s p o t  a t  t h e  c e n t e r  
of t h e  flow chamber. Fluorescent  l i g h t  is 
detec ted  at  90. t o  t h e  i n c i d e n t  d i r e c t i o n .  
Light  s c a t t e r e d  i n  t h e  forward d i r e c t i o n  
between t h e  c e n t r a l  bean t t o F  and o u t e r  
s t o p  i s  c o l l e c t e d  v i t h  a 10-cm lens  and 
focused onto a photodiode. 

flow moves through a c o n s t r i c t i o n  o r i f i c e  which 

narrows t h e  c e l l  stream to a column about 20 mi- 

crons in d i e t e r .  The cells  are then  l i n e d  up 

much as beads on a s t r i n g  as they i n t e r s e c t  t h e  

laser l ight.  

The l i g h t  source  f o r  t h i s  photore te r  is a 

Coherent Radiat ion Laboratory Node1 52CA argon 

laser o p e r a t i n g  a t  l vat t  at 488 nm. Laser l i g h t  

i s  focused v i t h  a n  18-cm convex lens  t o  form 3 50- 

micron spot  a t  t h e  i n t e r s e c t i o n  with t h e  c e l l  

stream at  t h e  c e n t e r  of  t h e  flow chamber. Af te r  

pass ing  through t h e  laser beam, t h e  cel ls  e x i t  out 

t h e  t o p  of t h e  chamber and go t o  a vaste vessel. 
As each c e l l  passes  through t h e  laser beam. i t  

produces a 10-microsecond pulse  of f luorescent  and 

s c a t t e r e d  l i g h t .  The main laser beam is e l imina ted  

i n  a small t r a p .  The cone of  l i g h t  s c a t t e r e d  about 
t h i s  t r a p  (approximately 0.7 t o  2.0.) is c o l l e c t e d  

v i t h  a 10-cm convex l e n s  and focused on a photo- 

diode. The r e s u l t i n g  s i g n a l  is then amplif ied.  
The f luorescence  s i p a l  is c o l l e c t e d  at 90' to  

t h e  d i r e c t i o n  of  t h e  i n c i d e n t  beam. Light then 

passes  through a y e l l w  b a r r i e r  f i l t e r  and Is 
focused o n t o  a 300-micron diameter pinhole. 

f luorescent  l i g h t  emerging through t h e  pinhole  is 

vieved v i t h  an RCA Model C7164R photomul t ip l ie r  

tube s e l e c t e d  f o r  i ts extended red s e n s i t i v i t y .  

This s i g n a l  is a l s o  amplif ied.  

The 

A box diagram of t h e  dual-parameter s i g n a l  

Upper Bound ?mcq Lower Bound k 
I I I 

Coincidmce Ft/ 

FIG. 2. Block diagram of dual-parameter signal- 
p r o c e s s h i  u n i t .  When t h e  condi t i o n s  of  
e o i n c i d e w  urd proper  oignal amplitude are 
a t ,  both m a l o g  s i g n a l s  are passed f o r  
pulse-helgbt  analysis (PHA) . 

process ing  u n i t  I s  shavn In  Fig. 2 .  In  t h e  p r e s e n t  

a p p l i c a t i o n ,  one signal is used t o  g a t e  t h e  second. 

After ampl i f ica t ion ,  t h e  s i g n a l  from each of t h e  

two d e t e c t o r s  is fed t o  s e p a r a t e  a d j u s t a b l e  d is -  

c r imina tors .  

p r i a t e  amplitude range, they are then t e s t e d  f o r  

coincidence. I f  both tests are p o s i t i v e ,  t h e  ana- 
l o g  s i g n a l s  are passed through a l i n e a r  g a t e ,  i n d  

e i t h e r  or both siguals are a v a i l a b l e  f o r  pu lc  - 
height  ana lys i s .  f i e  l o g i c s  of Fig. 2 can !-.: by- 

passed; i n  which c s e ,  t h e  i n s t r u n r n t  fun-- :ons as 
a single-parameter  photometer. 

If both s i g n a l s  are w i t h i n  t h e  appro- 

A p a r t i c u l a r l y  useful a p p l i c a t i o n  . t h e  dual- 

parameter photometer is t h e  a n a l y s i s  0 '  f luores-  

cence from weakly s t a i n e d  samples. T:.pically. 5 x 

10 ce l l s /min  pass  through t h e  photo. a t e r ,  v i t h  

each c s l l  spending about 5 rdcrosecunds i n  t h e  l i g h t  

beam. The t o t a l  tine t h a t  cel ls  +:.)end in t h e  beam 

is then 5 x 10-1 seconds o u t  of every minute; t h e  

photometer duty cycle  is 0.83 percent .  
i n g  99.17 percent  of t h e  time t h e  photomul t ip l ie r  

is measuring n o i r e  due t o  f luorescence  of non- 

c e l l u l a r  material In :?&e c e l l  stream. This  noise 
may be from s t a i n e d  c e l l u l a r  d e b r i s  o r  f luorescent  

dye i n  s o l u t i o n  i n  t h e  c e l l  suspending medium. 

4 

The remain- 

Figure 3 shows t h e  l i g h t - s c a t t e r i n g  frequency 
d i s t r i b u t i o n  obtained w i t h  Chinese h a a s t e r  cells  

( l i n e  CHO) s u p r a v i t a l l y  s t a i n e d  with 
d ine  orange. When viewed i n  t h e  f luorescence ' 

microscope, t h e s e  cells e x h i b i t  a weak green n u c l e a r  

f luorescence and no d e t e c t a b l e  cytoplasmic f luores-  
cence. 

free from any d e b r i s  vhich i s  comparable in s i z e  t o  

3 a c r i -  

The l i g h t - s c a t t e r i n g  s i g n a l  is seen t o  b e  
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YIC. 3. L igh t - sca t t e r ing  d i s t r i b u t  on f o r  random 
Q10 c e l l s  . t u n e d  vitb a c r i d i n e  
malp . 
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FIG. 5. L i a r  scattering (-04-) and f luorescence  
(-A-k) d i s t t i b o c i o n r  f o r  paper ulberry 
pollen t r a i n e d  vith a c r i d i n e  orange. 

Chonml Numkr (pooortbnal to U'gnol) 

FIG.  4. Fluorescence d i s t r i b u t i o n  obtained f o r  CHO 
cells s t a i n e d  v i t h  l(r8 a c r i d i n e  orange: 
( 4 4 - 1  when t h e  instrument is w e d  as an 
RIF; and (-A-A-) f luorescence  gated on t h e  
l i g h t - s c a t t e r i n g  s i g n a l  from each c e l l .  

t h e  cells. Figure 4 shows t h e  f luorescence  f r e -  

quency d i s t r i b u t i o n .  When t h e  dual-parameter 

phot-ter is opera ted  u A s i n g l e  parameter,  one 

ob ta ins  t h e  upper curve vhlch has  the appearance of 

an exponent ia l  decay t y p i c a l  of a no i se  spectrum. 

Hwwer, when t h e  f luorescence  s i g n a l  is gated  by 

t h e  I lLh t - sca t t e r ing  r i v a l  from t h e  same cells, 
one ob ta ins  t h e  lwer curve. I n  t h i s  c u e ,  only 

t h e  f luorescence  of  o b j e c t s  in t h e  s i r e  range of  

cells is analyzed. This lwer f luorescence  f re -  

quency d i s t r i b u t i o n  is similar t o  t h a t  ob ta ined  

f o r  g r e a t e r  a c r i d i n e  orange concent ra t ions  

(> 10-' where d e t e c t i o n  is no problem. 

Ihr ins t rument  u y  be used also t o  i d e n t i f y  

p a r t i c l e s  based on t h e  prerence  or absence of 
t h e s e  tvo pa raue te r s .  I n  Fig. 5. t h e  l i g h t -  

s c a t t e r i n g  and f luo rescen t  frequency d i s t r i b u t i o n s  

of paper a i l b e r r y  po l l en  t t a l n e d  v i t h  a c r i d i n e  

orange are shown. Both s i g n a l s  are f r e e  of no ise .  

Next, paper d e r -  p o l h  v u  d r 8 d  v i t h  UII- 

s t a i n e d  CHO cells, a d  tbe l i@ht -Su t t e f lng  d i s -  
t r i b u t i o n  o f  the cnsuble yu r u u r 8 d  u s h w n  i n  

Fig. 6. Both p a r t i c l e s  m t h e  size (approx- 

i w t e l y  12  microns). but 010 c e l l s  8hov a plch 

broader  s i z e  d i s t r i b u t i m  (cf .  Fig. 31, hence 
broadening t h e  d i s t r i b u t i o n  obtained from t h e  

combination. Hovever, i f  l i g h t  s c a t t e r i n g  f r w  

t h e  ccrablnation is gs ted  by t h e  f luorescence  of  

paper mulberry pol len .  one o b t a i n s  t h e  scatter 
curve s h a m  i n  Fig. 6 ,  which is i d e n t i c a l  to that 
of paper mulberry po l l en  alone. 

This i n s t r w n t  o f f ezs  t h e  p o s s i b i l i t y  of 
improving t h e  8 ipa . l - to -noise  ratios on samples 

t h a t  f l uo resce  poorly b e u u r e  of prepa ra t iona l  

d i f f i c u l t i e s  and d i a t inp ld rh ing  one b i o l o g i c a l  par- 
t i c l e  from another  on t h e  b u i s  of d i f f e r e n c e s  in 

l i g h  t - sca t  teri ng and/or f I uorescen t prope rt ics . The 

n 4 

aww kmw (propor(ionol(0 Bignol) 
FIG. 6 .  Ligh t - sca t t ed -  d i s t r i b u t i o n  (-A-A-) 

obta ined  from 8 nixcure  of s t a i n e d  paper 
mulberry pol len  and uns ta ined  QIO c e l l s .  
L igh t - sca t t e r  d i s t r i b u t i o n  (-04-) ob- 
t a ined  when t h e  s c a t t e r i n g  s i g n a l s  from 
t h e  mlxture w e r e  gated  by simultaneous 
f luo rescen t  s i p a l s  from t h e  pol len .  

. 
c 

90 



. 

. 

first e t t r i b u t e  perdts measuremenu m s-1~11 not  

QrCdOWlp amenable t o  F?fF . n d y s i s .  

f u t u r e  g r e a t l y  extends t h e  MF concept of cell 
i d e n t i f i c a t i o n .  
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2. 
A l i g h t - s c a t t e r i n g  

BIOLOGICAL APPLlCAfIONS OF CEU ANAtYSfS AND SORTING 

(L. S. Cram, R. A. Crissrmo, J. C. Porslrmd. P. It. 
€loran. P. W. Kraeer, D. F. Petersen ,  W. P. bju, 

A. R o m e r o ,  R. A..Tobey, a d  T .  T. T r u j i l l o )  

Fluorescent DNA Di s t r ibu t ions  i n  HCA-1 Tumor C e l l  

Populations 

The tmor ce l l  l i n e  X A - 1  w a s  derived i n  C3H 
mlce by t h e  app l l ca t ion  of t h e  carcinogen methyl- 

cholanthrene t o  t h e  sk in .  The r e s u l t i n g  tumor w a s  
c l a s s i f i e d  as a squamous cell carcinoma. Because 

of our i n t e r e s t  i n  deve1oping and sepa ra t ing  squamous 
c e l l  carcinoma f o r  t h e  cemical and u t e r i n e  regions 

of humans, w e  fe l t  t h a t  t h l s  tumor would s e n e  as a 

good working model. For example, we of t h e  XCA-1 

tcrmor vould allow us t o  have s u f f i c i e n t  c e l l s  which 

are e a s i l y  d i s s o c i a t e d  t o  determine the  parameters 

which are most s u i t e d  for cancer c e l l  i d e n t i f i c a -  
t l on .  Information gained v i t h  t h i s  model system 

vould then be appl ied  t o  an fnves t iga t ion  of t h e  

i d e n t i f i c a t i o n  af cancer i n  humans. One parameter 

o r  c e l l  p roper ty  considered acceptab le  fo r  i d e n t i f y -  

i n g  abnormal c e l l s  i n  any c e l l  population is t h e  

presence  and e x t e n t  of po lyplo id  c e l l s  when analyzed 

f o r  DNA conten t  p e r  c e l l .  

r a t i s f a c t o r y  s i n g l e - c e l l  suspension technique p r i o r  

t o  f i x a t i o n ,  f l uo rescen t  DNA d i s t r i b u t i o n s  could be  

made from s e v e r a l  animal tunors .  The cells w e r e  
1 

s t a i n e d  by t h e  a c r i f l a v i n e  Feulgen r eac t ion  method 
and measured by FHF The f luo rescen t  

d i s t r i b u t i o n  h i s t o g r a m  of these  samples (Fig. 1 )  

shcw t h r e e  d i s t i n c t  peaks i n  a channel r a t i o  of 

1:2:4. 

d i p l o i d  cells  p resen t  wi th  trrmor c e l l s .  

t i o n  of t h i s  peak corresponds t o  t h a t  of d i p l o i d  

cells  obtained from kidney and sp leen  from t h e  same 

Afte r  working out a 

The f i r s t  peak correspond5 t o  t h e  normal 
The posi- 

FIG. 1. DNA d f o t r i i u t i o n  of MU-1 tumor c e l l s .  

mime1 and to  CHO cells i n  G1. 

t r i b u t i o n  p c t t e r n  ind ica t ed  t h e  presence of c e l l s  

v i t h  ZN, 4 X .  a n d  6:; amounts of DNA. The second 

population (4s) appeared t o  be t h e  most numrirous. 

The t h r e e  peaks set!: i n  a s i n g l e  banple may a l s o  

i n d i c a t e  t h e  preseocc of two cel l  l i n e s  grm-ing 

. t oge the r :  (1) nom:l d ip lo id  cells v i t h  t h e  2N 

The HCA-1 c e l l  d i s -  

mount  of DNA, and {2) p r o l i f e r a t i n g  tumor c e l l s  as 

i nd ica t ed  by t h e  C1 (43 DNA) and C + H (8H DSA) 

peaks. 

t i g a t e  whether K A - 1  tumor c e l l s  could bc grown 

I n  c u l t u r e ;  t h i s  would not  only provide a ready 

source  of cells but n igh t  also l ead  t o  a s e l s c t i v e  

l i n e  more s u i t a b l e  f o r  t h c  model system described 

above. This  has  been done with q u i t e  a degree of 

success .  During the  e a r l y  passages ( 1  through 5 ) .  

t h e  f luo rescen t  DXA d i s t r i b u t i o n  r e E d l e d  the  

o r i g i n a l  tumor cells (F ig .  1 ) ;  hovever, i n  l a te r  

passages (6 through lo), ve observed t h e  d i s -  

appearmce  o f  t h e  f lrst  peak (2N) while t h e  c a l l  

population was still a t  a nonconflucnt s ta te  of 
p w t h  (Ffg. 2). 

displayed only  one peak a t  t h e  4N DNA l e v e l  (Fig. 3). 

2 
We thou*t it would be i n t e r e s t i n g  t o  inves- 

Povever, a conf luent  popula t ion  

From t h e s e  preliminary d a t a ,  we  conclude t h a t  

an-1 WA-1 t-r t i s s u e  conta ins  both norua l  

d ip lo id  c e l l s  and polyplo id  tumor cells, v i t h  t h e  

f o m e r  unable to  su tv ive  and p r o l i f e r a t e  a f t e r  a 

few passages i o  c u l t u r e  uedia .  Also, when cul-  

tu red  MCA-1 tclDr cells are allowed t o  grov t o  a 

conf luent  state, w e  see a t y p i c a l  Cy a r r e s t  LO 

observed by others’ i n  o t h e r  mammalian c e l l  l i n e s .  

Because normel v a 8 i - d  and c e r v i c a l  specimens pro- 

duce t y p i c a l  d i p l o i d  (2X DSA) h i s t o g r a m ,  i r  se- 

9 1  



FIG. 2. DNA d i s t r i b u t i o n  of M U - 1  cu l tu red  c e l l s  
(nonconf lumt) .  

. : .. .71 .- 
F I G .  3. DSA d i s t r j b u t i o n  of ?ICA-1 cu l tu red  cells 

(conf luent ) .  

obvious t h a t  add i t ion  of vary ing  &ounts of C1 (4N) 
tumor c e l l s  t o  these  specimens w i l l  a i d  in de te r -  

mining t h e  minimal l e v e l s  of polyploid c e l l s  

de t ec t ab le  w i t h  t h e  cu r ren t ly  used sens ing  and 

s o r t i n g  equipment. 
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Tumor Cell  I d e n t i f i c a t i o n  and Sepa ra t ion  

A squamous ce l l  carcinoma (MU-1) growing i n  

C% mlce w a s  obta ined  from Dr. R. I l h q r e n  of t h e  

Nat iona l  Cancer I n a t i t u t e .  T u w r s  from these  an i -  

-1s were removed us ing  sterile procedures,  minced, 

r ad  p laced  I n t o  Ham’s F-10 -d im supplemented with 

serum and an t ib io t i c s . ’  The r e s u l t i n g  cel ls  are 
e p i t h e l i a l  In morphology m d ,  when implanted in 
CN d c e ,  produce tumors i n  approximately one-third 
t h e  time requi red  f o r  t h e  o r i g i n a l  l i n e  t o  produce 

tumors i n  t h e s e  mim3r. The purpose of t h i .  work 

vas t o  determlne i f  t h e  multiparameter ce l l  80rter 
could d i s t ingu i sh  normal t i o s u e  from neop las t i c  

t i s s u e  based on c e l l u l a r  DNA con ten t  Dcrsurements 

and d i s t i n g u i s h  malignant cells from clwnps of 

lymphocytes. Cell  i d e n t i f i c a t i o n  Instruments de- 

signed for  cancer sc reening  have f a i l e d  because of 
t h e i r  i n a b i l i t y  t o  d i s t i n g u i s h  malignant c e l l s  

from c l u s t e r s  of lymphocytes.’ 

lymphocyte a c t i v i t y  is found in many tumors; there-  

f o r e ,  i t  i s  of paramount importance t o  be  ab le  t o  

d i s t ingu i sh  tumor c e l l s  from v h i t e  cells .  

1 

A g r e a t  d e a l  of  

To test t h e  c a p a b i l i t y  of t h e  ins t rument  t o  

d i s t i n g u i s h  t h e s e  two c e l l  types from each o t h e r ,  

an a r t i f i c i a l  mixture vas  made from sp leen  c e l l s  

and MCA-1 tumor cells g r w n  in t issue c u l t u r e .  

These c e l l s  vere subjec ted  t o  t r y p s i n i z a t i o n ,  f ixa-  

t i o n ,  and a c r i f  lavine-reulgen ~ t a i n i n g . ~  Figure - 
l a  and l b  shows t h a t  t he  modal channel of t h e  G1 

8pleen cells  is less than the  modal channel of t h e  

G1 tumor c e l l s ,  sugges t ing  t h a t  i t  is indeed pos- 

s i b l e  t o  d i s t i n g u i s h  the  DNA d i s t r i b u t i o n  of tumor 

and sp leen  c e l l s .  A mlxtur r  of sp leen  and MCA-1 

c e l l s  is shovn in Fig. IC. The mixed cells were 

then  so r t ed  and, as seen in Fig. 2,  peak 1 is 

indeed r ep resen ta t ive  of sp leen  c e l l s ,  peak 2 is 

comprised mostly of t m o r  cells, and peak 3 is 
only tumor c e l l s .  

To check our caFab i l i t y  t o  d e t e c t  tumor c e l l s  

-- I n  VIVO, HCA-1 tumor cells grown in t i s s u e  c u l t u r e  

were t ryps in i zed  and approadnutelg 10 tumor cells 
inocula ted  subscapularly i n t o  each of 6 C3H mice. 

A f t e r  1.5 weeks, t h e  aninuls were s a c r i f i c c d  and 

t h e  tumors removed. The tumora were subjec ted  to  
t r y p s i n i z a t i o n ,  f i x a t i o n ,  and acriflavine-Feulgen 

~ t a i n i n g . ~  Resul t ing  M A  d i s t r i b u t i o n s  of tumor 

cells  a r e  shovn in Fig. Id .  The d i s t r i b u t i o n  Is 
comprised of t h r e e  perks r ep resen t ing  t w o  

6 
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C h a w 1  Numbtr (DNA conltnl) 

FIG. 1. Hodal channel of C 1  sp l een  c e l l s  and G 1  
tumor c e l l s :  (a) Mouse sp leen  c e l l s  which 
vere  t ryps in i zed  and f ixed  i n  formal in .  
The c e l l s  were s t a i n e d  with a c r i f l a v i n e -  
Feulgen. 
bpleen c e l l s  and those  i n  channel 40 C2 + H 
c e l l s .  (b) WA-1 cu l tu red  tumor c e l l s ,  
s t a i n e d  i n  the same fash ion  as t h e  sp l een  
cells. Note chat t h e  GI modal channel i s  
45, i n d i c a t i n g  t h a t  t h e  DNA content  of 
tumor c e l l s  is e 2  times g r e a t e r  than 
d i p l o i d  sp leen  cells .  
t u t e  of cells from (a) and (b) .  The LASL 
cel l  s o r t e r  vas  ad jus t ed  t o  s o r t  c e l l s  i n  
channels 15  t o  30 i n t o  one beaker and 
those  i n  channels 35 to  100 i n t o  another  
beaker. (d)  N U - 1  tumor c e l l s  taken  from 
a C3H/Hej mouse. 
as in Flg. la .  

Cells i n  channel 20 represent  Gl 

( c )  A r t i f i c i a l  mix- 

Prepara t ion  was t h e  sane 

over lapping  bimodal d i s t r i b u t i o n s .  

on t h e  l e f t  r ep resen t s  normal d i p l o i d  c e l l s ,  e i t h e r  

f i b r o b l a s t s  o r  lymphocytes, v i t h i n  t h e  tumor. 

second o r  middle peak Is rep resen ta t ive  of t h e  C1 
tumor c e l l s  and t h e  C2 + H d i p l o i d  popula t ion ,  and 

the  t h i r d  peak is r ep resen ta t ive  of G2 + H tumor 

The f i r s t  peak 

The 

FIG. 2. 
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C. 40)1 
Photomicrographs of c e l l s  described i n  
Fig.  IC: (a) Unsorted mixture of cu l tu red  
MCA-1 tumor c e l l s  and mouse sp leen  c e l l s .  
(b) S o r t  I from d i s t r i b u t i o n  shovn In 
Fig. IC. (c) Sor t  I1 from d l s t r i b u t i o n  
rhovn In  Fig. l c .  

c e l l s .  From Fig. 3 i t  i s  obvious t h a t  tumor c e l l  

enrichment i s  poss ib le  i f  one uses  t h e  LASL c e l l  

s o r t e r .  It is also c l e a r  from S o r t  I (Fig.  3) t h a t  

d i p l o i d  cells  v i t h i n  t h e  t u m r  ale lymphocytes and 

not  f i b r o b l a s t s .  

While t h e s e  preliminary s t u d i e s  suggest t h a t  

measurement of DNA cor.tent a lone  is s u f f i c i e n t  t o  

de t ec t  tumor c e l l s  f r o s  normal d i p l o i d  c e l l s ,  ryny 
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b. 

nC. 3. Photomicrographs of cells descr ibed  i n  
Fig. l d :  ( a )  Unsorted t m o r  c e l l s  d i s -  
persed  wi th  t r y p s i n .  
d i s t r i b u t i o n  descr ibed  i n  Fig. l d .  
(c) S o r t  I1 from d i s t r i b u t i o n  descr ibed  
i n  Fig. ld .  

(b) So r t  I from 

o t h e r  parameters must be inves t iga t ed .  

such as nuclear-to-cytoplasmic ra t io  and tumor mem- 
brane  an t igens  cu r ren t ly  are of  i n t e r e s t .  Perhaps 
t h e  use of multiparameter ana lys i s  (1 .e . .  DNA con- 

t e n t  versus  nuclear-to-cytoplasmic r a t i o 4  might make 

unequivocal tumor c e l l  de t ec t ion  a r e a l i t y .  

Parameters 
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4 .  

Use of Flow H i c r o f l w r a c t r y  f o r  Analysis 8nd Evelua- 

Lion of Synchronizing Pro tocols  and Drug E f f e c t s  on 

Cell-Cycle Traverse  

A number of cooperative s t u d i e s  wi th  t h e  Cellu- 

lar Radiobiology Sec t lon  were undertaken t o  determine 

t h e  e f f e c t s  of various pro tocols  on DNA syn thes i s .  

Flcw micro f luo rowt ry  (mf) a n a l y s i s  o f f e r s  t h e  

unique advant8ge of providing DNA d i s t r i b u t i o n  pa t -  

t e r n s  of l a r g e  numbers of c e l l s ,  thereby r evea l ing  

t h e  r e l a t i v e  n d e r  of cells i n  t h e  var ious  phases 

of t h e  c e l l  cyc le  under a v a r i e t y  of  experimental  

condi t ions .  FMF a n a l y s i s ,  coupled wi th  cel l  enumera- 

t i o n  and autoradiography, provides a pover fu l  meth- 

od f o r  ana lyz ing  t h e  e f f e c t s  of va r ious  synchroniz- 

i n g  p ro toco l s  or drugs 011 ce l l - cyc le  t r a v e r s e .  

I n  a c o l l a b o r a t i v e  study wi th  Drs. R. A.  Tobey 

and P. H. Kraerter, t h e  e f f e c t s  of t h r e e  commonly 
1 used synchronizing methods, i so l euc ine  dep r iva t ion ,  

d o u b l e - t h p l d i n e  blockade, and m l t o t i c   election,^'^ 
were analyzed and evaluated with r e spec t  t o  t h e i r  

e f f e c t s  on subsequent DNA r e p l i c a t i o n .  In  each 

case, we found a given f r a c t i o n  of cells war3 unable 

t o  complete genome r e p l i c a t i o n  f o l l w i n g  synchro- 

n i za t ion .  The term " t raverse  p e r t u r b a t i o n  index" 

was des igna ted  f o r  the f r a c t i o n  of c e l l s  converted 

t o  a noncycle-traversing s ta te  because of  exper: 

imenta l  - i p ~ l a t i o n . ~  Traverse pe r tu rba t ion  in- 
d i ces  f o r  double- thyddine  blockade, I so l euc ine  

dep r iva t ion ,  and m i t o t i c  s e l e c t i o n  were 17 .0 .  12.4, 
and 5.5 percen t ,  r e spec t ive ly .  A t y p i c a l  DNA d i s -  

t r i b u t i o n  p a t t e r n  reveJing t h e  noncycle c e l l s  

fo l lcwing  release from double-thymidine blockade 

i s  s h a m  i n  Fig.  1. A Lnwledge  of t h e  t r a v e r s e  

per tuba t ion  index w i l l  permit a d i r e c t  corzpparison 
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DNA d i s t r i b u t i o n  p a t t e r n s  shoving non- 
t r a v e r s i n g  f r a c t i o n  of ce l l s  a f t e r  r e v e r s a l  
of t h e  double-thymidine blockade synchro- 
n i z i n g  technique. Broken l i n e s  represent  
va lues  f o r  C1 and C2 + H DNA ca l cu la t ed  
from con t ro l s .  Cel ls  were prepared via 
t h e  double-thymidine blockade technique. 
FMF p a t t e r n s  i n  t h e  c u l t u r e  at time of 
removal of t h e  second thymtdirte blockade 
(DNA p a t t e r n  shown i n  A) and a t  6 h r  
l a te r ,  inmediately before  the  f i r s t  in -  
c r ease  i n  ce l l  number (shown i n  B). The 
numbers of c e l l s  examined i n  (A) and (6) 
were 51,000 and 52,000.  r e spec t ive ly .  

o f  t h e  e f f e c t s  of  va r ious  synchrony-induction pro- 
tocols on ce l l - cyc le  t r a v e r s e .  

In  another  s tudy  conducted with D r .  R.  A .  

Tobey, RIF techniques were used t o  eva lua te  a new 
p ro toco l  f o r  preparing l a r g e  q u a n t i t i e s  of synchro- 

n i zed  mamal i an  c e l l s  i n  la te  C1 of the  pre-DNA 

r e p l i c a t i o n  phase of t h e  ce l l  cyc le .5  

nique, a modif icat ion of t h e  method descr ibed  by 

Tobey and Ley,’ employs hydroxyurea ( t o  

cy tos ine  a rab inos ide  ( to  5 ugh11 f o r  10 h r  f o l l w -  

l n g  release of  cells from i so leuc ine  depr iva t ion .  

Cells t h a t  are then vashed and resuspended i n  f r e sh  

medium without drugs vi11 i n i t i a t e  DNA syn thes i s  

and begin d i v i d i n g  wi th in  7 h r .  DNA d i s t r i b u t i o n  

p a t t e r n s  f o r  cells  synchronized by t h i s  technique 

are shown i n  Fig. 2 .  This p ro toco l  o f f e r s  t h e  

This tech- 

y) o r  

FIG. 2 .  DNA d i s t r i b u t i o n  p a t t e r n s  of  va r ious  syn- 
chronFosa cell popula t ions :  ( A )  Cells 
vere prepared by c u l t i v a t i o n  f o r  30 h r  i n  
i s o l e u d n e d c f i c i e n t  medium. then re- 
suspended in f r e sh  i so leuc ine-conta i  i ng  
medium w t a i n i n g  hydroxyurea t o  H; 
t h e  s w l e  for FMF a n a l y s i s  was remove7 
at 10 br a f t e r  resuspension of i so leuc ine-  
d e f i c i m t  cells  i n  normal medium p lus  
hydruxprea .  (B) Cells were prepared by 
c u l t i v a t i m  f o r  30 h r  i n  i so leuc ine-  
d e f i c i e n t  *d im,  then  resuspended i n  f r e s h  
i s o l e u c h r c o n t a i n i n g  medium conta in ing  
cy tos fne  a rab inos ide  t o  5 ug/ml; t h e  
sample for F?G a n a l y s i s  was removed from 
t h e  c d t m e  a t  10 h r  a f t e r  resuspension 
of iso1uJcir.e-deficient c e l l s  i n  n o m a 1  
medirn p l a  cy tos ine  a rab inos ide .  The 
number of ce l l s  examined i n  each c u l t u r e  
was 19,- ( i so leuc ine-def ic iency  and 
hydroxyurea) and 17,000 ( i so l euc inc -  
def ic iency  and cy tos ine  a rab inos ide ) .  
Broken I i o t s  represent  va lues  f o r  C 1  and 
C2 + M DSA peak va lues  ca l cu la t ed  f r o a  
c i n t  r o b  - 

advantage of providing l a r g e  q u a n t i t i e s  of c e l l s  

near  t h e  Cl/S boundary s u i t a b l e  for  s t u d i e s  of bio- 

chemical e v e n t s  a s soc ia t ed  wi th  completion of i n t e r -  

phase and i n i t l a t i -  of genome r e p l i c a t i o n .  

In  ano the r  coopera t ive  s tudy  v i t h  D r .  R. A. 

Tobey, M F  techaiques vere used i n  experiments 

designed to  d e t c r d n e  e f f e c t s  of several chemo- 

the rapeu t i c  agcnts t;l ce l l - cyc le  traverse.6 
agents  with d i f f c r h g  e f f e c t s  on ce l l - cyc le  progres- 

s i o n  were examined: h y d r o p u r e a ,  cy tos ine  ara- 
b inos ide ,  b leaqvcin ,  and canpto thec in .  Both 
hydroxyurea ( 1 8  !> and cy tos ine  a rab inos ide  

( 5  ug/ml) g ross ly  decreased t h e  rate of  progress ion  

of c e l l s  i n t o  S +fie. r e s u l t i n g  i n  accumulation 

of c e l l s  at tbc C1/S boundar);. 

Four 
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c o l p l e t e l y  prevented cella frm i n i t i a t i n g  DNA syn- 
t h e s i s .  

a d  coqale t ion  of  genome r e p l i c a t i o n  t o  occur a t  a 

n e a r l y  n o m 1  rate, but  cells accumrlated in Cz and 

most cells lost t h e  capac i ty  t o  e n t e r  dtosis. 
CPaptothecin (1 ug/ml) reduced t h e  overall rate of 

cycle progress ion  and d l w e d  s few cel ls  t o  rep- 
l i u t e  s c q l e t e  complement of DNA. 

h u e d  from i s o l e u c i n r d e f i c i e n t  C1-anest and 

msintained in t h e  various drugs are shova i n  Fig. 3. 

B l e o q c i n  (100 pg/ml) a l l w e d  initiation 

The DNA d i s t r i b u t i o n  p a t t e r n s  for c u l t u r e s  re- 

F I G .  3. DNA d i s t r i b u t i o n  p a t t e r n s  f o r  c u l t u r e s  
r e l e a s e d  f r o n  i so leuc ine-def ic ien t  G - 
arrest and maintained f o r  10 h r  i n  160 
vg/ml L:eomycin (B) ; 
or 5 U g / d  c y t o s i n e  a rab inos ide  (D). 
(A) Control .  The c u l t u r e  was maintained 
f o r  30 h r  I n  i so leuc ine-def ic ien t  medium, 
at  which t i m e  an a l i q u o t  was examined v i a  
FMF a n a l y s i s .  (B) B l e o v c i n .  The c u l t u r e  
w a s  maintained f o r  30 h r  i n  i so leuc ine-  
d e f i r i e n t  medium; then  t h e  c e l l s  were re- 
suspended i n  f r e s h ,  complete ( i so leuc ine-  
conta in ing)  medium supplementcd w i t h  bleo- 
l y c i n  t o  100 vg/ml, and a f t e r  10 h r  a 
oample w a s  removed f o r  MF a n a l y s i s .  
(C) Hydroxyurea. The c u l t u r e  vas w i n -  
t a i n e d  i n  i s o l e u c i n e - d e f i c i e n t  medium f o r  
30 h r ;  t h e n  t h e  c e l l s  were resuspended i n  
f r e s h ,  complete medium conta in ing  hydroxy- 
u r e a  t o  loe3 !, and a f t e r  10 h r  a sample 
vas removed f o r  RIF a n a l y s i s .  (D) Cyto- 
s i n e  a rab inos ide .  A f t e r  W h r  i n  iso- 
l e u c i n e  d e f i c i e n t  medium. t h e  c e l l s  vere 
resuspended i n  f r e s h ,  complete medium 
conta in ing  c y t o s i n e  a rab inos ide  t o  5 ug/ml; 
10 h r  l a te r  an a l i q u o t  was removed f o r  FMF 
a n a l y s i s .  
and G2 + M DNA peak va lues  ca lcu la ted  from 
t h e  exponent ia l  c u l t u r e ,  which was t h e  
source  of  a l l  c e l l s  used i n  these  exper- 
iments .  The number of c e l l s  examined i n  
each c u l t u r e  w a s  (A) 23,000; (B) 47,000; 
(C) 19,OOO; and (D) 37.000. 

2 hydroxyurea (C) , 

The broken l i n e s  represent  G 1  

The cmnbination of  PWF, cell enumra t ion ,  and auto- 

rad iographic  techniques provides  a new approach t o  

s tudying  t h e  e f f e c t s  of chemotherapeutic agents  on 

cc l i -cyc le  traverse and prowides v a l r u b l e  informs- 

t i o n  t o  t h e  clinician regard ing  drug dosage and 

tirs of  . p p l i c a t i o n .  
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Applicat ion of Biophysical  Ins t rumenta t ion  t o  Animal 

Disease Diagnos is 

The Hog Cholera PK-15 System.--Invesligative 

r f f o r t  s i n c e  las t  year ' s  annual  r e p o r t  d e s c r i b i n g  

has concentrated on a d a p t a t i o n  of t h i s  system t o  
f resh  t i s s u e  techniques.  

cf d i r e c t  d e t e c t i o n  of v i r a l  a n t i g e n  from f i e l d  

zubmiss ions. 

New problems were encountered i n  prepar ing  

heterogeneous ce l l  oamples ( p i g  blood and t i s s u e  

biopsy mater ia l )  f o r  flow n icrof luoromctry  (FMF) 
measurements. 

l abe led  with f l u o r e s c e n t l y  tagged a n t i b o d i e s  re- 
q u i r e s  monodisperse c e l l  suspensions t h a t  are f r e e  

of small d e b r i s  and homogeneous. 
developed f o r  i s o l a t i o n ,  f i x a t i o n ,  and conjugat ion 

?ur  s u c c e s s f u l  "proof-of-principle" experiments 1 

The s p e c i f i c  aim is  one 

The very la, f luorescence  o f  cells 

Procedures  were 
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of rp l cen  &ad vhite blood ce l l  s u p c n s i o r s  t o  

assure  compa t ib i l i t y  bctveen t h e s e  procedures and 
u l n t c n a n c c  of good single-cell suspensions. Nu- 
urocu a n t l c o a g u l m t s ,  red blood cel l  lysing agen t s  

and procedures,  and several f i x a t i o n  methods vere 
eva lua ted  t o  provide  procedures compatible vith 

d e b r i s  a d  o t i l l  provide ce l l  permeabi l i ty  t o  

f luoresce in- labe led  antibody molecules. Buffy coat 

cell c u l t u r e s  were also considered. 
fac tory  p ro toco l s  were developed, nonapec i f ic  blnd- 

ing of conjugate to  uninfec ted  cells decreased t h e  

s e n s i t i v i t y  of  l?P ~ 1 d y 6 i S  below t h a t  of s tandard  

techniques.  The p r e s e n t  l e v e l  of s e n s i t i v i t y  te- 

qu i re s  t h a t  10 pe rcen t  of t h e  cells i n  a sample be 

in fec t ed .  Improved conjugate p u r i t y  would inc rease  

t h e  signal-to-noise r a t i o  and Duke FMT a u s e f u l  t o o l  

f o r  s tudying  v i m  r e p l i c a t i o n  i n  namnalian cells;  
t h i s  is being  attempted. 

U i K I t d U h g  S h g k - C d l  SuspCMiOnS Vith 

Although satis- 

Basic supoort  experiments us ing  t h e  PK-15 c e l l  

system t o  determine i f  o the r  a r e a s  of FMF appl ic -  

a b i l i t y  exist w i l l  continue.  For t h e  f i r s t  time. a 

q u a n t i t a t i v e  eva lua t ion  of conjugates can be ac- 

complished us ing  techniques developed f o r  the  proof- 

o f -p r inc ip l e  p r o j e c t .  

merc ia l ly  produced conjugates is important for USDA 

l i c e n s i n g  procedures and f o r  eva lua t ing  our own 

conjugates.  Conjugate eva lua t ion  is based on two 

parameters: (1) r e l a t i v e  c e l l  b r igh tness  or t h e  

amount of f luo resce ina ted  antibody bound t o  a c e l l  

os compared with a "standard" conjugate,  and 

( 2 )  s p e c i f i c i t y  a s  eviuenced by t h e  r a t i o  of spe- 
c i f i c a l l y  t o  nonspec i f i ca l ly  bound conjugate.  Both 

pa rane te r s  can be  quan t i t a t ed  e a s i l y  using the  FXF. 

Although ins t rumenta l  development on t h i s  

Quality eva lua t ion  of com- 

p ro jec t  has  been reduced, new techniques of rapid 

c e l l  i d e n t i f i c a t i o n  and information process ing  

developed i n  t h e  s e c t i o n  have been appl ied  t o  the  

fluorescence a n a l y s i s  of randomly groving PK-15 

c e l l s  i n fec t ed  v i t h  hog cholera  v i rus .  Recent 

developments permi t  measuring t h e  r a t i o  of c e l l  
f luorescence ( t o t a l  amount of f l uo rescen t  antibody 

bound) t o  c e l l  volume. The r e s u l t i n g  d i s t r i b u t i o n s  

(Fig. 1 )  f o r  c o n t r o l  and In fec t ed  cells  a r e  both 
t i g h t e r  ( c o e f f i c f e n t  of v a r i a t i o n  decreases  by 

approximately 2.0). i n d i c a t i n g  t h a t  l a r g e r .  more 

n a t u r e  cells  do not produce more v i r u s  per  c e l l  
than smal le r  c e l l s .  The improved c o e f f i c i e n t  Of 

. 1 , 1 1 ,  
-u- 

m y r 4 c * 1 u  runw-uu.) 

FIG.  1. Dis t r ibu t ions  for c o n t r o l  and i n f e c t e d  
cells. 

v a r i a t i o n  of t h e  peaks 1. a r e s u l t  o f  cance l l i ng  
t h e  con t r ibu t ion  of nonspec i f i c  b inding  which is 
p ropor t iona l  t o  c e l l  wlume. 

Dif ferences  i n  l i g h t - s c a t t e r i n g  p a t t e r n s  were 

observed f o r  hog cholera i n f e c t e d  and noninfected 

PK-1s c e l l s  .' Ligh*-sca t te r ing  measurements were 
' made with a new photometer3 descr ibed  e l sevhere  in 

t h i s  r epor t  vhich uses  high-speed f i lm  a s  t h e  de tec-  

t o r .  

pensions of l i v e  Infec ted  and noninfec ted  c e l l s  is 

sha tn  i n  Fig.  2 .  

4 . 0 ° ,  over lap  of t h e  two curves is c o n s i s t e n t  v i t h  

l i g h t - s c a t t e r  theory and Coul te r  volume d a t a  t h a t  

Ind ica t e  t h e  t w o  c e l l  popula t ions  are very s i m i l a r  

i n  volume. A t  l a r g e r  angles  ( 4  t o  25.)  , i n fec t ed  

I n t e n s i t y  of s c a t t e r e d  r a d i a t i o n  from sus-  

In t h e  angular  range of 2.5 t o  

SCAT7Efi;NG ANGLO I DEGREES 1 

FIG. 2. Scat te red  r ad ia t ion  i n t e n s i t y  for i n fec t ed  
and noninfected c e l l s .  
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cells scatter arch v r e  l ight (about 2.3 tinea a t  
20.) than noninfec ted  cells .  This d i f f e r e n c e  i n  

large m g l e  l i gh t - sca t tL r  p a t t e r n  is bel lcocd  to  
b e  due t o  8- change i n  i n t e r n a l  s t r u c t u r e  between 

t h e  tvo -11 POpUhtiON. 

In r r sporue  t o  a r e q u e r t  f o r  h e l p  from t h e  

b w n C Y  Disease Task Force of t h e  USDA, an e f f o r t  

b -&way t o  i n v e s t i g a t e  t h e  applicability of our 

b l o p h p l u l  i n s t ~ n t a t i o n  for r ap id  d i f f e r e n t i a l  

diagnmir of  Ncvcastle d i sease  vlw. 

of  a -logepic a t r a i n  of t h e  vlw has  r e s u l t e d  i n  

t h e  d i s e a s e  be ing  dec lared  a n a t i o n a l  emergency. 

The degree of po lyplo idy  i n  chicken d r y 0  f i b r e  

b l a s t s  a f t e r  Newcastle i n f e c t i o n  is  repor ted  to  
correlate wi th  t h e  v l ru l ence  of t h e  virus. There- 

fo re ,  a r a p i d ,  q u a n t i t a t i v e  measurement of poly- 

p lo idy  wi th  RIF should provlde a rap id  screening  

technique t o  i d e n t i f y  d i f f e r e n t i a l l y  s t r a i n s  of 
Newcastle d i s e a s e  v i r u s .  

The outbrc& 

4 

E f f e c t s  of Temperature on t h e  Mi to t i c  Cycle of 

CHO Cells.--The purpose of t h i s  study is t o  make a 
d e t a l l e d  i n v e s t i g a t i o n  i n t o  t h e  e f f e c t s  of tem- 

p t r a t u r e  on d i f f e r e n t  phases of t he  CHO c e l l  l i f e  

cyc le  us ing  FMF techniques f o r  ce l l - cyc le  ana lys i s .  

Chinese hamster c e l l s  (QIO) i n  suspension cu l -  

t u r e  were grow through t v o  exponent ia l  grovth 

cyc le s  a t  t h r e e  temperatures:  3 4 ,  37, m d  40'C. 

Pre l iminary  d a t a  sugges t  t h a t ,  dur ing  the  f i r s t  

cyc le  of c e l l  grovth a f t e r  a 3' temperature change, 

most of t h e  e f f e c t s  a r e  on r eac t ion  r a t e s .  During 

t h e  second cyc le ,  vhen a s teady  s t a t e  s i t u a t i o n  has  

been achieved, t h e  e f f e c t s  are a consequence of 

changes I n  concent ra t ion  of chemical r e a c t a n t s .  

This Is evidenced by an apparent change i n  c e l l  com- 

p o s i t i o n  vhich vas measured as a change i n  c e l l  

size. CHO c e l l s  g r w i n g  at o t h e r  t h o l  t h e i r  optimum 

temperature were found t o  i n c r e a s e  i n  vol-. 

Of p a r t i c u l a r  i n t e r e s t  is t h e  observa t ion  t h a t ,  
upon a decrease  i n  temperature (37 t o  3 4 . C ) .  t h e  

pe rcen t  of CHO c e l l s  i n  t h e  G1 phase of t h e i r  l i f e  

cyc le  inc reases  from 06 t o  61 percent ,  which is just 

t h e  reverse f o r  HeLa c e l l s  which shov a decrease  

from 40 t o  36 percent .  5 

Inves t iga t ions  v l t h  & h e  Unique yixoploid Ce l l  

Line,  PK-15.--The unique DNA d i s t r i b u r l o n  of PX-15 

cel ls ,  a d x o p l o i d  cell l i n e ,  w a s  repor ted  in l a s t  
year ' s  annual report . '  

and t e t r a p l o l d  I n  DNA con ten t  ( l . e . ,  they d i f f e r  by 

Clones t h a t  were d i p l o i d  

a f a c t o r  of  2 io DNA con ten t  b u t  not i n  chromosome 

rider) -re i s o l a t e d  frol t h e  cell l ine.  Because 

t h u e  two PK-15 clones w e  i s o l a t e d  from t h e  same 

c u l t u r e ,  we b e l i e v e  they e i t h e r  had e x a c t l y  t h e  

B# doub l in l  time or their genera t ion  times vere 
not equa l  bu t  i n t e r c e l l u h r  metabol ic  f a c t o r s  were 
being produced t h a t  d l f f m n t i a l l p  regulate cell 
doubling. C e l l s  from the tvo clones vere mircd 

i n  d i f f e r e n t  ratio. and a l l w e d  t o  v w  through 
6 passages.  Their Peulgn-DNA d i s t r i b u t i o n s  were 
then  m a s u r e d  t o  d e t e r d w  i f  t h e  two popula t ions  

vere growing at t h e  8- ra te  and mainta in ing  t h e  

a.mc ratios. 
cons t an t ,  we conclude that t h e  t w o  clones have t h e  

..ma doubling timer and rcspond s i m i l a r l y  t o  cell 
dens i ty .  Fur ther  expe-nts are planned t o  compare 

theae  cloncs wi th  r ega rd  t o  t h e i r  chromosome banding 

p a t t e r n ,  response t o  t-rature, and r a d i a t i o n .  

Bemuse the mldng ratios remained 
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pp. 332-352. 

Normal and Tumor C e l l  K i n e t i c  S tud ie s  Using Flow 

Microf luoromet r y  (RF) 

Methods f o r  s tudy ing  t h e  k i n e t i c s  of p r o l i f e r a -  

t i v e  c e l l o  from both wr0l.l and tumor t i s s u e s  2 
vivo are of fund .wn ta1  i n t e r e s t  i n  a d d i t i o n  t o  

t h e i r  poss ib l e  appliC8tiOn t o  t h e  areas of chemo- 

therapy and rad io therapy .  

ins t rumenta t ion  c u r r e n t l y  under development a t  t h e  
Los t.lamos S c i e n t i f i c  Labora tory  can be used with 

- 
Cell  a n a l y s i s  and s o r t i n g  



relative ease f o r  k i n e t i c  a tudiea .  Bas i ca l ly ,  t h e  

procedure consists of (a) prepar ing  s i n f l e - c c l l  

8rupcnsionr from t h e  t i s s u c  of  i n t e r e s t  us ing  tryp- 
s i n i z a t i o n  procedures;  .(b) f i x i n g  s i n g l e  cell. in 
r t h m t l  and fo lPr ldehyd#adxture ;  and (c) s t i i n i n g  

f i x e d  cells vith a c r i f l a v i n e  (fluorescent-Feulgen) 

f o r  mpeciflc s t a i n i n g  of cellular DNA. 
able t echniques  inc lude  t h e  use of (a) the Coulter 
p r i n c i p l e  t o  d e t e d n e  the volume d i r t r i b u t i m  of 

cells; (b) a s i g n a l  from s c a t t e r e d  l i g h t  t o  ga te  t h e  

electronic system which ~ a s u r e s  f luorescence ,  

thereby e l imina t ing  noise s i g n a  generated by 

d e b r i s  in cell prepara t ions ;  (c) A multiparameter 

cell sepa ra to r  t o  I s o l a t e  cell populations with d i f -  

f e ren t  DNA d i s t r i b u t i o n s ;  and (d) a combination of 

t h e  above systems t o  mmsure d i r e c t l y  t h e  DNA con- 

t e n t  p e r  u n i t  c e l l  volume. 
described i n  d e t d l  i n  our annual r epor t  f o r  1971. 

Other avail- 

These techniques are 
1 

Our preliminary s t u d i e s  i n d i c a t e  t h a t  ce l l  , 
prepara t ions  f o r  mouse t i s s u e s  such as s k i n ,  i n t e s -  

t i n a l  ep i the l ium,  l i v e r ,  sp leen ,  and kidney t h a t  

are considered i -or tan t  i n  rad io therapy  can be made 

and t h e i r  DNA d i s t r i b u t i o n s  r a s u r e d  by RIF i n s t r u -  

mentation. Figure 1 shows DNA d i s t r i b u t i o n s  f o r  

d i f f e r e n t  normal t i s s u e s  t h a t  are considered t o  be  

somc of t h e  l i m i t i n g  t i s s u e s  i n  r a d i a t i o n  therapy. 

The n o i s e  caused by debr i s  in t h e  ce l l  p repa ra t ion  

and appearing i n  lov  channel nuabers vas not e l ec -  

t r o n i c a l l y  gated out i n  t h e s e  m a s u r e m n t s .  The 

DNA content of a l l  t hese  normal t i s s u e s  is about 

t he  same and shows t h a t  a l a rge  f r a c t i o n  of cells  

is i n  t h e  Go o r  G1 s t a t e .  
D r .  R. F. Kallman and  associate^^'^ have con- 

cluded from t h e i r  s t u d i e s  v i t h  KHT s a r c o m  and EHT6 
(mamnary carcinoma) t h a t  a dose of 300 rads induces 

synchrony i n  t h e  tumor cel ls ,  thereby caus ing  

c y c l i c a l l y  f l u c t u a t i n g  r a d i o s e n s i t i v i t y  changes as 
a func t ion  of time a f t e r  exposure. 

w i l l  be  d i f f i c u l t  t o  c o r r e l a t e  r e s u l t s  of DNA d i s -  

t r i b u t i o n  v i t h  r e s u l t s  of r a d i a t i o n  s e n s i t i v i t y .  it 

w i l l  be of i n t e r e s t  t o  s tudy  t h e  changes i n  DNA 

d i s t r i b u t i o n s  i n  t m o r  cells  i n  v ivo  v i t h  time a f t e r  

r ad ia t ion  exposure. KHT Is a sarcoma t h a t  a rose  

spontaneously a t  t h e  base of  t h e  ear of 8 C 3 H l K n  

w u s e  i n  1962 i n  D r .  Kallman's l abora to ry  a t  Stan- 

ford  Univers i ty .  This tumor l i n e  can be main- 

t a ined  by serial  subcutaneous passage and has been 

s tud ied  e x t e n s i ~ e l y . ~ * ~  A tumor of  about 12 mm i n  

Although i t  

. .  
.A- 

FIG. 1. DNA d i s t r i 5 u t i o n  of noxzal t i s s u e s  i n  mice. 
The X axis is t h e  cllannc.1 number (propor- 
t i o n a l  t o  >::A content  i n  the  c e l l s ) ,  and 
t h e  Y axis is t he  r e l a t i v e  n u d e r  of c e l l s  
p e r  channel. 

99 



d i m t e r  from a donor wwe is exc i sed ,  p laced  i n  

00-1 u l i n e ,  .nd  dnccd i n t o  srill p ieces  about 

1 I in mlume. Tumor p ieces  are then  trans- 
p lap ted  cmto the back of C3H nice vfa a S ~ l l  

incision kr the skin of  t h e  f r e s h l y  shaven back. 

Ihr tmor p w s  to  about 1 cm in di-ter on about 

t h e  12th  day a f t e r  t r m s p l l a t a t l o n .  
w a e  about 1 em in di-ter, t h e  du were anes- 

t h e t i z e d  (0.1 d / g  body weight of  N e d u t a l ) ,  and 
t h e  tumors were exposed t o  I( rays  by s h i e l d i n g  t h e  

mmainder bf t h e  muse. 

300 rads  of 2504CVP X-rays were s a c r i f i c e d  a t  0 ,  8, 

12, 16. 22, 24, 26, and 30 h r  a f t e r  X-ray exposure,  

m d  cell p repa ra t ions  were made t o  measure DNA 

d i s t r i b u t i o n .  

UOO or 3500 rads of X rays  and were s a c r i f i c e d  a t  
24 h r  a f t e r  exposure.  

sugges t  t h a t  3500 rads  i. a c u r a t i v e  dore. Tvo 
mice were used f o r  each dose level and f i x a t i o n  

t ime a f t e r  exposure. 

3 

When t h e  tumors 

- .* 
House tumors e q o s e d  t o  

A few t i s s u e s  were A&O exposed t o  

Tumor growth measurements 

A s c a t t e r e d  l i g h t  signal w a s  used t o  g a t e  t h e  

noise signal a r i s i n g  from d e b r i s  when t h e  c e l l s  ve re  

used i n  t h e  FKF ins t rumcnta t ion .  

r a s u r e d  t o  a t o t a l  count of 50,000 cells. Figure 2 

shows t h e  r e s u l t s  of DNA d i s t r i b u t i o n s  a t  d i f f e r e n t  

tims a f t e r  300 rads of exposure, where t h e r e  a r e  

s i g n i f i c a n t  d i f f e rences  in DNA d i s t r i b u t i o n .  Micro- 

s cop ic  examination showed t h a t  most of t h e  cells  
were s i n g l e  and t h a t  t h e  double ts  were less than 

5 percent  i n  a l l  samples. The f i r s t  peak i n  t h e  

DNA d i s t r i b u t i o n  r ep resen t s  normal d i p l o i d  c e l l s  i n  

t h e  tumor. The second peak, corresponding t o  t h e  

amount of DNA n e a r l y  twice t h a t  of normal d i p l o i d  

cel ls ,  is duo t o  tunor c e l l s  i n  t h e  Cl phase. 

t h i r d  peak, corresponding t o  twice t h e  rmount of 

tumor cells i n  t h e  C 

In  t h e  G2 + H phase. 

i n g  t o  cells i n  between C1 and C2 + H tumor cells 
a r e  due t o  cel ls  in t h e  S phase. 

a tumor c o n t r o l  sunple  were sepa ra t ed  according t o  
t h e  DNA conten t  i n  t h e  c e l l s  u s ing  t h e  c e l l  sep- 

a r s t o r ,  we found t h a t  t h e  f i r s t  peak i n  DNA d i s -  

t r i b u t i o a r  is due t o  leucocytcs.  It can be  seen  

from Fig. 2 t h a t  t h e  DNA d i s t r i b u t i o n  of tumors 8 

and 12 h r  a f t e r  exposure to  300 r ads ,  when compared 

t o  ze ro  hour a f t e r  exposure, has  more c e l l s  i n  t h e  

C + kf phase. 

by r a d i a t i o n .  Hwever ,  i t  can be seen t h a t  l2 h r  

A l l  samples ve re  

The 

phase, i. due t o  tumor c e l l s  
DNA d i s t r i b u t i o n s  correspond- 

1 

When t h e  c e l l s  I n  

T h i s  could be d u e  t o  G2 c lock  caused 2 

I-. . . . .. . . .- --a 

-..- 
FIG. 2. DNA d i s t r i b u t i o n  of KHT sarcoma t m o r  c e l l s  

a t  d i f f e r e n t  times a f t e r  exposure t o  
300 rads  of X-rays. 

. 

. 
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a f t e r  exposure t h e  cells are beginning to  d iv ide  and 

t h a t  a t  24 h r  a f t e r  exposure t o  300 rads  DNA d i s -  

t r i b u t i o n  looks very similar t o  t h a t  of t h e  con t ro l .  

Figure 3 s h w s  t h a t  vhen t h e  cells ;re exposed t o  

1500 rads  t h e r e  s t i l l  seems t o  be  a small i n c r e a s e  

i n  cells i n  t h e  C2 + H phase a t  24 h r  a f t e r  exposure, 

vhe re r r  v i t h  3500 rads nea r ly  50 percent  of t h e  

cells  are s t i l l  i n  t h e  G2 + H phase. One vould 

expect t h i s  t r e n d  because v i t h  inc reas ing  dose t h e  

m i t o t i c  de lay  is increased .  

agreement v i t h  r e s u l t s  of  Ka16 us ing  Rhabdomyo- 

sarcoma c e l l s  v i t h  impulse photometer instrumenta- 

t i on .  Var ia t ions  i n  DXA d i s t r i b u t i o n  among any 

tvo tumor samples t r e a t e d  i n  t h e  same way were 

found t o  be remarkably s i m i l a r .  Thus, t h e  d i f f e r -  

ence i n  DNA d i s t r i b u t i o n  with dose and time a f t e r  

exposure are real. 
preliminary s t u d i e s  t h a t  FUF is a very good t o o l  

These results are i n  

I t  can be concluded from these  

- .  . 

~- . - -  .il 

- - . - - W Y J - w - - - -  

F I G .  3. DNA d i s t r i b u t i o n  of KIiT oarcoaa t u m o r  Ce l l s  
a f t e r  2 4  h r  of exposure t o  300. 1500, and 
3500 rads  of X-ravs. 

t o  ob ta in  q u a n t i t a t i v e  Information oil tumor as vel1 
as n o m 1  cell k i n e t i c 8  a f t e r  r ad i8 t ion  treatment. 

We propose t o  s tudy  t h e  progress ion  of normal 

m d  tumor cell popula t ions  in experimental  r m m d s  
in add i t ion  to  cells in c u l t u r e  vhen they a r e  ex- 

posed t o  Ion iz ing  r a d i a t i o n s  8uch as X ray8 m d  

la te r  v i t h  nega t ive  pions.  

p a t i e n t s  t r e a t e d  v i t h  conventional r a d i a t i o n s  and 

la te r  v i t h  nega t ive  p ions  could a180 be made vhen- 

ever tumor b iops i e s  are a v a i l a b l e .  Thf8 type  of 
measurement i n  experimental  animals and poss ib ly  

i n  s m  patient.  could g ive  important information 

t h a t  may lead  t o  optimum f r a c t i o n a t i o n  i n  radio- 

therapy and could a l s o  be  used as a d iagnos t i c  

modality t o  judge r a d i a t i o n  e f f e c t s  a f t e r  a given 

t rea tment  and to  p lan  f u t u r e  exposure. 

DNA d i r t r i b u t i o n s  i n  

, 
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ISQPOPE APPLlUSIONS SECTION 

IIOTPODUCTIUN 

l?ariched conccrrtratioll.  of s t a b l e  i s o t o p u  of 
t h e  major elcmcnt. o f  b i o l o g i c a l  syst-  (1.e.. up 

boa, hydrogen. n i t rogen ,  a rd  oxygen) have been mal- 
a b l e  f o r  -9 o u r s .  Except f o r  deuterium, they V8r8 

expensive and, t he re fo re ,  not h p e a t  d-d. 
r r r s d y ,  t h e m  v u  not rrch demand; t he re fo re ,  t h e  

i so topos  v u e  CXpCMiIPC. 

because of t h e  ready f f a i l a b i l i t y  of t he  r ad ioac t ive  

i 8 O t O p c S  carbon-14 6 d  tritium and, in p a r t i c u l a r ,  

t h e  e a r l y  development of appropr i a t e  apparatus f o r  

t h e i r  d e t e c t i o n  and q u a n t i t a t i o n .  Without them, 
them would undoubtedly have been much g r e a t e r  use. 

of t h e  s t a b l e  i so topes ,  not only of carbon and hydro- 

gen b u t  n i t rogen  and oxygen u w e l l .  liweycr, even 

I f  ma te r i a l a  had been r ead i ly  a v a i h b l e ,  they could 

not  have been app l i ed ;  only r ecen t ly  have sophis- 

t i c 8 t e d  in s t rumen ta t ion  developments s t a r t e d .  

Severa l  yea r s  ago t h e  Div is ion  of  Biomedical 

and Environ=ntal  Research recognized t h a t ,  i f  it 
were not  f o r  t h e  high p r i c e ,  carbon-13 could be used 

advantageously and perhaps widely as a t o o l  i n  med- 

i ca l  diagnoses of metabolic malfunctions involv ing  

such compounds as sugars .  Harever, s t e p s  would have 

t o  b e  taken t o  surmount t h e  c y c l i c a l  b a r r i e r  t h a t  

s tood  i n  t h e  way of exp lo i t i ng  p o t e n t i a l s  t h a t  rare 
s t a b l e  i so topes  such as carbon-13 had for enhancing 

t h e  d i agnos t i c  p w e r s  of awdicine. That is, high 

costs of s epa ra t ed  i so topes  precluded t h e i r  we i n  
l a r g e  q u a n t i t i e s ,  and absence of  ongoing wide-scale 

m e  precluded reduct ions  in c o s t  of sepa ra t ing  t h e  

i so topes  t h a t  could accrue from p l a n u  designed and 
engineered f o r  la rger -sca le  production. 

t h a t  a three-pronged approach t o  t h e  problem would 

have t o  be  made whereby c l i n i c a l  8dV8ntapS and 
suppor t ing  i s o t o p i c  production methods would b e  
developed, demonstrated, and given p r a c t i c d  begin- 

nings s i w l t a n c o u s l y  . 
a p p l i c a t i o n s  (e .g . ,  i n  molecular b io logy ,  v ibra-  

t i o n a l  spectroscopy, and nuc lea r  magnetic resonance) 

could use larger q u a n t i t i e s  of sepa ra t ed  i so topes  

a- 

This vam, at l e u t  i n  p a r t ,  

It appeared 

Although some research  

thau had been availrble up t o  nw, i f  t h e  p r i c u  

y.re lover, the &smd 

probably b e  &nor in crrq.ri8m vith t h a t  o f  even 
8 single c l i n i c a l  a p p l l u t i m .  Therefore. S ince  

app l i ca t ions  of  carbon-U I n  clinical r d i c i n e  h a  
been of paramount ioportmce, u s i s t a d  by dewnmtra- 

tiona i n  o t h e r  f i e l d s  of research  of the u t i l i t y ,  

advantages,  urd unique cbaracteristlcs of s t a b l e  

t h e s e  sou rces  Would 

h c e p t i o n  of t h e  carbon-u p r o j e c t ,  d 8 - 1 w n t  Of 

I so topes .  

Foundation of t h e  program rests on t h e  capabi l -  

ity t o  produce enr iched  i s o t o p u  in t h e  q u a n t l t i c s  

needed. 

Inorganic Chemistry Croup (QOC-4) has a l one  h i s -  
to ry  of isotope s c p a r a t i m .  For some ti- It has  

been producing r e l a t i v e l y  l a r g e  q u a n t i t i e s  of 

nitrogen-l.5, Oxygen-16, oxygen-17, and oxygen-18 

and w a s  planning l imi t ed  production of  carbon-13 

f o r  chemical research .  

and c a p a b i l i t y  made i t  poss ib l e  f o r  a carbon-13 

p l a n t  t o  be  i n  opera t ion  i n  less than  a yea r  a f t e r  
i n i t i a l  i n t e r e s t  vas expressed by t h e  Div is ion  of 

Biomedical and Environmental Research i n  1969. The 

o r i g i n a l  3-kg annual production rate has  s i n c e  been 

doubled, and f u r t h e r  major e rpans lon  is in progress  

t o  wet t h e  ob jec t ives  of t h e  program. 1,2 even- 

t u a l ,  n a t u r a l  outcome s b w l d  be  combercia1 develop- 

sent$ as markets a r e  c rea t ed  and e s t ab l i shed .  

The Los Alamor S c i e n t i f i c  I rbo ra to ry ' s  

Tnis -experience,  knowledge, 

- 

During t h e s e  i n i t i d  y e a r s  s i n c e  start of t h e  

p r o j e c t ,  t h e  I so tope  Applications Sec t ion  h a s  

e s t ab l i shed  a nwnber of requi red  techniques and 

c a p a b i l i t i e s  and has ca r r i ed  ou t  l n v e r t i g a t i o n s  
designed to  f u r t h e r  th6bbro.d as w e l l  u s p e c i f i c  

ob jec t ives  of t he  prograa. A unique s y n t h e s i s  
f a c i l i t y  n w  e x f s t s  w h i c b  can provide  t h e  many 

l abe led  compounds needed ( f r equen t ly  on a l a r g e  

s c a l e )  ; high  concen t r a t iom of carbon-13 have been 

incorpora ted  I n t o  l i v i n g  systems (a lgae ,  y e a s t ,  
mice) v i t h  observa t ions  t h a t  no d e l e t e r i o u s  e f f e c t s  

of t h e  ioo:ope were apparent;  a p p l i c a t i o n s  of 

carbon-13 have be tn  made t o  s t u d i e s  i n  biochemistry,  

p r imar i ly  through u t l l l r r t i o n  of carbon-13 nuc lea r  

102 



nugnet ic  resonance ( c a r ) ,  and clinical diaguoeZic 

trials have been i n i t i a t e d .  

e f f o r t  toward p u b l i c i z i n g  t h e  p o t e n t i a l  of s t a b l e  

i so topes  a d  in r i d i n g ,  wherever poss ib l e ,  o t h e r  

i n v e s t i g a t o r s  in making t h e i r  i n i t i a l  app l i ca t ions .  

Perhaps one of our  d i f f i c u l t i e s  has been over- 
mthudacm i n  t h i s  regard vhich has qometimcs re- 
s u l t e d  i n  w e - c d t a e n t  of  our a v a i l a b l e  time and 

resources ;  b e t t e r  balance CM c e r t a i n l y  b e  an t i c -  

i p a t e d  an we acqui re  experience wi th  each under- 

tak ing .  

are i n  progress  wi th  personnel  a t  u n i v e r s i t i e s ,  

research  i n s t i t u t e s ,  n a t i o n a l  l a b o r a t o r i e s ,  and 

o t h e r  governmental o rganiza t ions .  

producing t h e  sepa ra t ed  i so topes  and providing var- 

ious a n a l y t i c a l  services, Croup mc-4 i s  a l s o  a 
primary co l l abora to r  and p a r t i c i p a n t  i n  many of t h e  

activitiw . 

fiere is cont inuing  

A number of c o l l a b o r a t i v e  research  p r o j e c t s  

In add i t ion  to 

* 
Dr. Ualton W. Shreeve of th- Medical Div is ion ,  

Brookhaver. National Laboratory,  v a s  a LASL V i s i t i n g  

S t a f f  Mmber from January t a  August. 

t iam,  a d d i t i o n a l  planning f o r  var ious  c l i n i c a l  

app l i ca t ions  of s t a b l e  i s o t o p s  vas c a r r i e d  o u t ,  

and t h e  f i r s t  t r i a l s  of carbun-13 i n  a glucose t o l -  

erance test were performed. LASL V i s i t i n g  S t a f f  

Members (Short  Term) p a r t i c i p a t i n g  and a id ing  i n  

var ious  p r o j e c t s ,  genera l ly  through visits of a few 

days,  inc lude  Winslov Caughey (Arizona S t a t e  Univer- 

s i t y ) ,  Bruce Burnham (Utah S t a t e  Un ive r s i ty ) ,  B. H. 
Tolber t  (Univers i ty  of Colorado) , C. a .  Daub (Univer- 

s i t y  of N e v  Mexico), L. 0. Morgan (University of 

Texas), and R. T. €&in (Univers i ty  of Texas). 

s e c t i o n  a l s o  continues t o  b e n e f i t  from discuss ions  

and seminars presented  by o the r  v i s i t i n g  s c i e n t i s t s .  

During t h i s  

The 

PREPARATION OF COMPOUNDS MELED WITH STABLE 

ISOTOPES 

(D. C. O t t ,  E. C. Mame, V. S. Chavez. C. T. Cregg, 

J. L. Hanners, J. Y. Hutson, V. N.  Kerr, V. H. Koll- 
man, M. A. Nevaret,  T. C. Sanchez, and T. W. Whaley) 

U t i l i z a t i o n  of s t a b l e  i so topes  i s  a h s t  

?he co l l abora t ion  and cooperation of Dr .  N.  A. 
Hetwiyoff i n  a l l  a c t i v i t i e s  involv ing  nuc lear  mag- 
n e t i c  resonance (as vel l  as o t h e r  a spec t s  of t h e  
s t a b l e  i so topes  program) is  p a r t i c u l a r l y  ackncu- 
ledged; a l s o  Drs. 8. B. McInteer and T. A. H i l l s  
have been e s s e n t i a l  t o  var ious  p a r t r  of t he  re- 
search  program, i n  p a r t i c u l a r  mass spec t romet r ic  
I so top ic  analyses of carbon d ioxide  from t h e  c l in -  
i c a l  t r i a l s  as w e l l  as swplca from o the r  sources .  

t o t a l l y  dependent on conversion of  ou tput  from a 

sepa ra t ion  f a c i l i t y  i n t o  o t h e r  chemical forms. 

W d e s  from t h e  e n r l c h m n t  process  occas iona l ly  can 

be  used d i r e c t l y ;  however, t h e  bulk  of  requi renents  

necessitates inco rpora t ion  of  enr iched  Iso topes  

i n t o  organlc  compounds. 

degrees m d  c o m b h t i o n a  of l a b e l i n g  - some Com- 

pounds m u s t  be  u n i f o x d y  l abe led ,  some s p e c i f i c d l y  

l abe led  i n  one or v r e  p a r t i c u l a r  molecular posi-  

tion; and s- r r l t l p l y  l abe led  wi th  more than  
one i so tope ,  both uniformly and s p e c i f i c a l l y .  

sone app l i ca t ions ,  high i s o t o p i c  e n r i w n t  is 
requi red ;  f o r  o the r s ,  l o w  enrichment is necessary  
or s u f f i c i e n t .  

can vary from mlll lgrams t o  kilograms. 

There are needs f o r  dl 

For 

fhe q u a n t i t i e s  of compounds needed 

To meet these  various and va r i ed  requirements 

e f f i c i e n t l y ,  a syn thes i s  f a c i l i t y  i s  necessary  

which u t i l i z e s  m d  e f f e c t i v e l y  combines t h e  methods 

of both organic  m d  b io-synthes is .  

t h e  o t h e r  wi th  S t a r t i n g  materials, as ve l l  as fur -  

n i sh ing  u l t ima te  products. 

e s t ab l i shed  f o r  syn thes i s  of a p a r t i c u l a r  compound, 

t h e  c a p a b i l i t y  f o r  production of o t h e r s  i s  auto- 

mat ica l ly  increased .  The s y n t h e t i c  rou te  chosen 

o f t en  depends ( i n  ac!dition t o  o t h e r  cons ide ra t ions )  

on what experience,  materials, o r  methods have 

become a v a i l a b l e  through previous p repa ra t ions ,  as 

vel l  a s  what app l i ca t ion  might be l i k e l y  i n  f u t u r e  

syntheses .  

Each provides 

As t h e  c a p a b i l i t y  IS 

The b a s i c  inorganic  s t a r t i n g  ma te r i a l s  are 

t h e  var ious  oxides from the  sepa ra t ion  f a c i l i t y  

(1.e.. carbon monoxide f o r  t h e  carbon i so topes  and 

n i t r i c  oxide f o r  t he  n i t rogen  and oxygen i so topes ) .  

Carbon dioxide is read i ly  a v a i l a b l e  through oxida- 

t i o n  of t h e  monoxide, and vater and ammonia arc 

obtained through appropr i a t e  reduct ions  of n i t r i c  

oxide. The seven i so topes  a v a i l a b l e  t o  t h e  cu r ren t  

program from t h e  production p l a n t  are carbon-12 

( l e s s  than 10 ppm carbon-13), carbon-13 (less thar. 

10 percent carbon-12). nitrogen-14 (less than 50 ppm 
nitrogen-151, nitrugen-15 (less than 5 percent  

nitrogen-14) , oxygen-16 (lese than 10 ppm oxygen-18). 

oxygen-17 (a. 10 percent  oxygen-16 and oxygen-16) , 
and oxygen-18 (less than 5 percent  oxygen-16). 

1 

Most of t h e  compounds produced by t h e  syn thes i s  

f a c i l i t y  are f o r  use i n  LASL research  ( inc luding  
co l l abora t ive  p ro jec t s )  p r imar i ly  i n  b i o l o g i c a l ,  

c l i n i c a l ,  and c h d c a l  s t u d i e s  i n  progress  i n  t h e  
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Biopcdicll Berearch Croup (8-4) ord t h e  aedstzy- 
Nuclear Chemistry (mc) Divi r ion .  
coppotmd. needed i n  o t h e r  programs throughout( LASL 
should  be  c a u i d e r e d  an impor tan t  func t ion  of  our 
u p a b i l i  ty . 
U. S. Atomic  Energy C d s r i o n  m d  the N a t i o d  

h t i t u t u  of  Heal th ,  variour l a b e l e d  e-unds 
vrze synthes ized  m d  auppl ied  t o  the C h d r t q  .ad  

L i f e  Scienccr Laboratory,  Research hiangle ~ n r t i -  
t u t e ,  Barearch Tr i ang le ,  North Carolina, for use 

In  varlour research  project.  o f  t h e  Nat iona l  -ti- 

t u t e  of General Hcdica l  Sciences.  It ir  f e l t  t h a t  

r i rPi lar  urangements  could be m t u i l l y  advanugeoru  

f o r  t h e  ryntheais f a c i l i t y  m d  f o r  o t h e r  o r g a n i z e  

tions in need of compounds l abe led  with s t a b l e  

i s o t o p e s  f o r  var ious  p r o j e c t s  w i th in  t h e  USAEC and 

othe: gwcrnnent  agencies.  Unnecessary dup l i ca t ion  

of e f f o r t ,  e x p e r t i s e ,  and f a c i l i t i e s  would be 

avoided, t h e  c a p a b i l i t i e s  f o r  syn thes i s  would 
a c t u a l l y  be  broadened, and many app l i ca t ions  and 

developments could proceed vhich o the rv i se  would 

be  delayed o r  impossible.  

Pmvir ion of  

Through m in te ragency  a g e a n e n t  beeveen the 

Although t h e r e  a r e  r e a l  rimilarities bemeen 

syntheses  vith r ad ioac t ive  i so topes  (carbon-14, 

t r i t i u m ,  e t c . )  and t h e  s t a b l e  i so topes ,  t h e r e  sre 
a l s o  cons iderable  d i f f e r e n c e s .  

a mat te r  of s c a l e ;  t h e  p repa ra t ions  with s t a b l e  

i so topes  are usua l ly  considerably l a r g e r .  Many of 

t h e  e l egan t  schemes developed for carbon-14 are not 

app l i cab le  to  carbon-13 at a l l  - they s i a p l y  w i l l  

not s c a l e  up S8t iSfaCtOr i ly .  On t h e  o the r  hand, t h e  

s t a r t i n g  ma te r i a l  comon t o  both carbon-14 and 
carbon-13 syn theses ,  carbon d ioxide ,  is more con- 

ven ien t ly  handled on t h e  l a r g e r  s c a l e  In  a cy l inde r  

r a t h e r  than  from barium carbonate.  Addi t iona l ly  , 
~ a r b o n - ~ ~ C  monoxide is t h e  rnos t r ead i ly  ava i  l a b l e  

r t a r t i n g  Mterial, a l lowing  u t i l i z a t i o n  of reac t iona  
t h a t  are not p r a c t i c a l  f o r  carbon-14. 

These are pr imar i ly  

Compounds l abe led  with s t a b l e  I so topes  e x h i b i t  
d i f f e r e n c e s  f r o m t h e i r  i so tope  isomers i n  p h y s i c r l  

p r o p e r t i e s  (e.g. , dens i ty ,  molecular weight, and 

i n f r a r e d  and n u c l e a r  magnetic resonance s p e c t r a ) .  

There genera l ly  use fu l  p r o p e r t i e s  can be u t i l i z e d  

i n  a n a l y t i c a l  procedures necessary f o r  developing 

r y n t h e t i c  methods; these  d i f f e r e n c e s  occ.sionally 

complicate comon techniques which r e l y  on compar- 

i son  with s t anda rds  (e .g . ,  proof of i d e n t i t y  by 

irrfrared r p e c t r o r w p y ) .  Carbon-U nuc lea r  mag- 

netic resonance (-1 i., of course, very ureful t o  
tbe r y n t h e t i c  chdrt.  In  add i t ion ,  proton nuc lea r  

r g n e t i c  resonance (m). b e c a w e  of rpin-@pin 

coupling of proto08 v i t h  carbon-13, can o f t e n  b e  

uaed t o  r tudy  carbon-13 ( fo r  -ler t h e  acetic 
acid., 1cth.1101, and o the r  rlmple product. a n  

rou t ine ly  m a l y r e d  f o r  13C/uC ratio. at each ape- 

dfic carbon 8tQQ using a r h ~ l e  POT e p s c t r o m t e r ) .  

'Various prepara t ion@ have been (and o ther8  

w i l l  be) repea ted  r e v e r a l  timer b e c a w c  of un- 
m t i d p a t e d  needs or cont inuing  demand. 

m d  acetic a c i d  have be- produced on a mora or 
less cont inuing  b u i r ,  d n g  p r a r i r y  t o  t h e i r  

a p p l i c a t i o n s  u b u i c  r y n t h e t i c  i n t e rmed ia t e s  urd 

also because of t h e  l a r g e  q u a n t i t i e r  r equ i r ed  fo r  
yeas t  production. Tobacco p l a n t s  are be ing  main- 

t a ined  a t  var ious  s t a g e r  of development t o  eneure 
tbat unant ic ipa ted  requirements f o r  t h e  simple carbo- 

hydra tes  vhich they  a f fo rd  can be  met without undue 

de lay .  

Organic Synthes is  

e t h a n o l  

Table 1 gives  a a w r y  of i r o t o p i c r l l y  l abe led  

compounds which have been o r  a r e  c u r r e n t l y  be ing  

produced, reasons f o r  product ion ,  and va r ious  per- 

t i n e n t  comments. Reaction sequences r e f e r r e d  t o  i n  

t h e  t a b l e  f o r  t h d r  p repa ra t ion  are shown i n  Fig. 1. 
Natura l ly ,  t h e r e  a r e  many a d d i t i o n a l  s p e c i f i c  com- 

pounds vhich are necessary i n t c n w d i a t c r  o r  which 

can be prepared by these  same r e a c t i o n s ,  by ob- 

vious extens ions ,  o r  by numerous combinations and 

permutations of t h e  l a b e l ;  however, only t h o s e  a r e  

l i s t e d  which have been prepared o r  f o r  which t h e r e  

I s  a cur ren t  requirement.  

The r e p e r t o i r e  of developed methods f o r  t h e  
e f f i c i e n t  production of l abe led  compounds inc reases  

continuously.  Each new s y n t h e s i s  has t h e  a d d i t i o n a l  

b e n e f i t  of s i m p l i f i c a t i o n  of a f u t u r e  problem. 

P a r t i c u l a r l y  va luable  are proven procedures f o r  
producing key s y n t h e t i c  i n t e m e d i a t c 8  con ta in ing  

one, two, and t h r e e  i r o t o p i c  atoms which can be 

used t o  in t roduce  s p e c i f i c  l a b e l s  into a wide 

v s r i e t y  of more complicated molecules. 
c e r t a i n  of t h e  commonly used materials are be ing  

maintained, and s e v e r a l  can be  produced on a rel- 
a t i v e l y  l a r g e  s c a l e  ( i . e . *  sany  moles p e r  week) 

when t h e  demand e x i s t s  (dz., methanol, a c e t i c  

S tocks  of 
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-- 

coo 1. co co2 

175* 

4. Eotl + *a xhcl.r* I-. x * c m  
A 

* %  TsC1 * $ 6. cHj COON.- ( ai3 CO)20 

* $  Dcc * $ 8. cH3 COOH + @OH- CH3 Coo0 

0 
* $I' * 

9. *cH~coaI- cH3 CCH3- 

* *  
H C E  C L i  HZNCWZCH2NH2 

* S t  $ t  
11. CE3 CH2 COOH - CH3 CH COOH 

% t  
COOH - cH3 C COOH B r  

II 
OK 0 

R20 
12' "3 N2 dioxane 

?i8. 1. Reaction sequences f o r  p repa r8 t ion  Of l abe led  compounds. 180tOpiC l a b e l s  have been i n d i c a t e d  
(*, +, t) t o  show both the p o s i t i o a ( s )  of t h e  i s o t o p i c  atom(s) and t h e  v a r i e t y  of i s o t o p i c  compounds t h a t  
can b e  prepared by a given s y n t h e t i c  mthod .  
I P r  - i sop ropy l ) ,  X - C1, B r ,  I ,  DCC dicyclohexylc8rbodiimide. TIC]. p t o l u e n e s u l f o n y l  c h l o r i d e ,  $ - 
phenyl - CgH5, TsOMe - mcthyl 2- tolueneeulfonate ,  TsO' - p t o l u e n e s u l f o n y l  anion, Ac2O - a c e t i c  anhydride,  
[H) - reduct ion,  [ O ]  - ox ida t ion ,  W A  - hex .mc thy lphosphora~de ,  THF - t e t r&ydro fu ran ,  and A c  - a c e t y l  - CHJCO. 

Abbreviations used: R - a l k y l  group (He - E t h y l ,  E t  - e t h y l ,  
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* *  $ 
(M3)3 N Ez12 WOEt]+Cl'  

L $ 
ai3 COOH + n2 Re2Ol*m3 azon * +  

22. 
l.50. 

$ *  * $  
') NaoH b (HOO C CHz)2*NCH2CH2 N(*CH2 CpOH)2 * * 

23. H z  NCHZCH2fNHZ + Br Qi:WNa 2) H2sc4 
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Blucorric acid m a n i c  acid . 
u 6-lactare u 6-lactooe 

or barf- malt 

1) CWCH2HgBr $ 1  $1 - 
2) H30+ I 

29. * +  CH3 Coo& +ai2= CHCH2 C C H ~ C I ~ = C H ~ ~  HM)CCH2 CCHZCD3H 1 

OH OH 

* *  P * *  
30. C H30H h C H31 

31 
1) Na*CN 
2) hydrolyaia 

-b 

&,OH 

1 

IiO 

M2m (312m 

lactobionic acid 
M 6-hctone or 
calcium ral t  

112 



0 0  
DCC hydrolvsls , - 2 a  * R(31zOTs 

*1) N f C N  1 
2) hydrolyris 

33. RCa2am + pw3R 
. C 

* * Cu-Zn-Cr *C*H30*H 
36. CO + 2 H2 A . 

C H30 H + H20 37, * co2 + 3*H2 ~ u - ~ n - c t  . * * 
A 

0 
* *  * *  * 

H3 m2 36 

0 

39. 

40. 

41. 

42 - 

* NaOH . Pt (NH4 (31 
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i d 

0 

* t *It* 4a. c o +  2m3+ s Kern lQ). H2 N C NH2 + H2S 

ac ids ,  pcthane, cyanide,  e t h y l  i od ide ,  t n d  c e r t a i n  

o thers ) .  
Bcla t ive ly  conventional l abora to ry  glassware 

urd apparatus and vacuuu l i n e  techniques CUI be 

used genera l ly  f o r  syntheses  wi th  stable i so topes .  

Oving t o  t h e  u t r e w l y  cor ros ive  n a t u r e  of rhodium 

carbonyls,  p repa ra t ions  of carboxyl ic  a c i d s  via 
carbonylation of a lcohols  are c a r r i e d  out i n  

Wurte1loy-C autoc laves  (300-ml. 1-1.. and 1-gallon 

c a p a c i t i e s ) .  These ves se l s  a r e  used f o r  o t h e r  

types of pressure  r eac t ions  as w e l l .  S t a i n l e s s  

a t e e l  gas cy l inde r s  a l s o  serve 8s r e sc t ion  vesse l s  

f o r  less corros ive  p rcpa r s t ions  (e .g . ,  u rea) .  

I le thmol  is produced in l o t s  of about 5 moles by 

c a t a l y t i c  hydrogenation of carbon d ioxide  i n  a 
a p a c i a l l y  COIUtNCted stainless steel appara tus .  

For p repa ra t ion  of mcthanol-12C, a second u n i t  vas 

cons t ruc ted  which is dedica ted  s o l e l y  t o  carbon-12 

t o  prevent contamination of t h i s  i so tope  isomer with 

carbon-13. A similar but smaller u n i t  vith about 
1150th t h e  capac i ty ,  cons t ruc ted  of atandard a t a in -  

l esa  ateel  f i t t i n g s  urd tub ing ,  is used for prtpara- 

tion of a m r l l c r  amount. of po ly i so top ica l ly  sub- 

s t i t u t e d  l n t h a n o l  (e.g., "cD~OD). An e s p e c i a l l y  

conat ruc ted  appara tus  is also used f o r  Synthes is  of 

methane which forms t h e  basis f o r  i s o t o p i c  cyanide 
production; methane will a lso  be  t h e  requi red  

graphite-% and in te rmedia te  f o r  p y r o l y t i c  

graphite-13C. F igure  2 shows var ious  item 

appara tus  devoted to r e l a t i v e l y  la rge-sca le  

of 

produc- 

tion of 12C- and l3C-Me1ed carboxyl ic  a c i d s ,  

methanol and meth8m. The u n i t  f o r  syn thes i s  of 
ace ty lene  and benzene is shown i n  Fig. 3. 

Biosynthcs is  

As is a l s o  encountered v i t h  organic  s y n t h e s i s ,  

developmcnt of new procedures or combinations m y  
---. . 

< w s ~ . * b  ,a' 
-I. - 

i 

: . 1 2. 

. .  : s  

.- I LL&->- * -  . -* - / ' a3 
F I G .  2. Large-scale organic  s y n t h e s i s  apparatus.  

Clockwise from later l t f t :  1-1. s t i r r e d  
au toc lave ,  1-gallon s t i r r e d  au toc lave ,  
carbon-12 nethano1 u n i t .  carbon-13 meth- 
m o l  u n i t .  and r e thane  unit. 
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FIG. 3. Lithium carbide is prepared by r eac t ing  

i n t e n s i t y  6odium vapor lamps  i n t o  t h e  200-1. f e r -  

m u t o r .  

o f  gram q u a n t i t i e s  of d n o  a c i d s  through collabora- 

t i o n  wi th  Dr. John Markley of Purdue Univers i ty ;  i n  
add i t ion  t o  8 p p l i c a t i a  i n  t h i s  co l l abora t ive  

p r p j e c t ,  t h e  a d n o  acids are also des i r ed  i n  s t u d i e s  
on histone b i w y n t h e s i s  in t h e  C e l l u l a r  and Uolec- 

u l a r  Radiobiology Sec t ions .  Other  u se fu l  ma te r i a l s  
are concomitantly produced. Nucleotides w i l l  be 

u t i l i z e d  fo r  i n v e s t i g a t i o n s  w i t h i n  t h e  group and 
also in co l l abora t ions  wi th  Dr. W i l l i a m  R u t t e r  of 
t h e  Univers i ty  of California Medical School, San 
Francisco. Fa t ty  a c i d s  are needed as model com- 

pounds of  carbon-13 in t r a c i n g  envirocmental  pol -  

l u t a n t s  by Professor  Lou Vprga and Anthony Harnon 

(an AWU graduate  s tuden t  conducting t h i s  po r t ion  of 

h i s  research  i n  t h e  s e c t i o n )  of Oklahoma S t a t e  

Univers i ty .  Hopefully,  t h e  s t e r o i d  f r a c t i o n  v i 1 1  

serve as use fu l  s t a r t i n g  ma te r i a l s  f o r  app l i ca t ions  

This c a p a b i l i t y  io d e s i r e d  f o r  production 

carbon dioxide w i t h  molten l i t h ium i n  the .  
r eac t ion  chamber (lower l e f t ) .  The aceL- 
ylene uberated by treatment vith is 

i n  c l i n i c a l  s t u d i e s  and research  by Dr. Duane Hager- 

man of t h e  Univers i ty  of Colorado Medical School. 
p u r i f i e d  and co l l ec t ed  i n  a s e r i e s  of t r a p s  The p o s s i b i l i t i e s  of us ing  these  organisms f o r  pro- 

duc t ion  of glucose and ga lac tose  w i l l  a l s o  be (upper po r t ion )  and can be t r a n s f e r r e d  t o  
s to rage  vesse l s  ( lover  r i g h t .  r e a r )  o r  
conve;ted t o  benzene on t h e  vanadium oxide 
c a t a l y s t  column ( love r  r i g h t ,  f r o n t ) .  

i nves t iga t ed .  

- Yeast.--Analysis of t h e  d a t a  obtained dur ing  

be requi red  f o r  production of l abe led  ma te r i a l s  

through b i o s y n t h e t i c  nethods; o f t en  e f f i c a c i o u s  
procedures pe r fec t ed  for r ad ioac t tve  i so tope  labe l -  

i n g  a r e  no t  e n t i r e l y  appl icable  with t h e  amounts 

needed f o r  s t a b l e  i s o t o p e  syn thes i s .  For example, 

s c a l i n g  up a procedure n e c e s s i t a t i n g  i s o l a t i o n  and 

p u r i f i c a t i o n  through chromatography when dozens of 

grams of product are involved may not be p r a c t i c a l  

o r  even f e a s i b l e .  One of t h e  major problems is not  

80 much i n  f ind ing  a system vhich produces t h e  

des i r ed  products but one vhich a l s o  a f fo rds  t h e i r  

i s o l a t i o n  I n  a reasonable manner. Major emphasis 

t h e  p a s t  year has been on development of methods 

and production of uniformly l abe led  carbon-13 sugars ,  

i n  p a r t i c u l a r  g l u c o ~ e - U - ~ ~ C  and g a l a ~ t o s e - U - ~ ~ C ,  f o r  

app l i ca t ions  i n  c l i n i c a l  t r i a l s .  

Green algae.--Algae are appea l ing  as a source 

of uniformly labe led  compounds of . b io log ica l  import- 
ance because of t h e i r  high inco rpora t ion  e f f i c i e n c y  

of a simple carbon source ,  carbon d ioxide .  E f f o r t s  

are being d i r e c t e d  tovard improving our  prev ious ly  

a t t a i n e d  production r a t e s  (2. 1 g/ l . /day)  us ing  

t h e  l a rge  shak.er appara tus  by i n c o ~ c r a t i o n  of high 

the  course of la rge-sca le  production o f  Candida 

- u t i l i s  ( f o r  t he  mouse-feeding experiment conducted 

a yea r  ago) is  now be ing  made. 

served a s  t h e  s o l e  source  of carbon. 
Acetic-1,2-13C a c i d  

I n  Fig. 4 j.s 

Time (doys) 
F I G .  I. Growth over 14 genera t ions  of yeas t  (C. 

u t i l i s )  metabolizing doubly l abe led  ace t i c -  
F C  a c i d  a t  92 .6  atom percent  carbon-13 
as t h e  soli carbon source  conpared v i t h  
y e a s t  metabolizing normal abundance 
(1.1 atom percent carbon-13) a c e t a t e  ( 3  
f l a s k s  each) .  
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.barn t b  mnlt of the first m r  uda . 
Q tbe pMh of  g. utius RI h i w y  

-r flub conta ined  the 0 r g . n i . r r f t h  u c t t c  
. d d  a t  1 1 0 4  abtmdanm urbm-33 i-utim 
(1.0.. 1.1 at- percent); the other tkree fkrb 
mtSlS.rd the enriched m b s t r a t e .  'IL period 
was .qp i t i l en t  t o  14  perat ioas ,  6 d r g  rhich no 

affect om pwth rate of the high Lotopfc eaxcentra- 
tiolr cam be d h u r n e d .  

In th is c u m ,  at 92.7 31 y t .  Three 

5 show a Wicd ezperlrart h uhlch a 

m t  imcultm v u  grows up 011 n d  urbon ab-- 
&ace acetate in a 14-1. fexmcntur ud thea trans- 
f e t r r d  t o  t b e  200-1. f e m e n t o r  aad grwtb continued 

o doubly l abe led  acetic a d d  (80  ator percent carbon- 

U in t h i s  eqmri -n t ) .  

d i f f e r e n c e  hi la8 per iod  in  t h a  tvo rdLa  nor in t h e  

grew& ntea. There d a t a  are i n  Catrut to  r e s u l t s  

r rpo r t ed  by o t h e r  i n n r t i p t ~ r s ~ ~  -tug the same 

l abc lad  a c e t i c  a d d s  but  d i f f e r e n t  grwth rate 
r a r u r i n g  procedures;  however, it was ahwn later 
t h a t  t h e  c u l t u r e  w a r  in f a c t ,  largely g. krusei, 
a typical f a s t  grcrving Impurity folmd in culture 
yeaa t  propagations.  

be lcd  o r  not) 18 biphas ic .  Figure 6 s h w s  t h e  

grouth curve m d  grouth y i e l d  curve as func t ions  

There v u  80 apprec iab le  

30 

Crovth of C. u t i l i s  on acetate (whether 1a- 

I I - 1  I I 

0 4 0 CL IO to 24 

of time f o r  a t y p i c a l  experiment. She umbers ac- 

campraying t h e  p o i n t s  of t h e  g r w t h  y i e l d  curve are 

r I I I 

-Lo - 
It 
U 

-DI P 

i 
=- i 
.a4 t 

f 

- - 
-as 

0 

i : 1 i 

F I G .  5 .  Grarth of y e a s t  i n  a 14-1. fermentor on 
n o m 1  a b m d m c e  acetate followed by 
inocu la t ion  i n t o  t h e  200-1. fermentor i n  a 
medium u t i l i z i n g  acetate at  80 atom percent 
carbon-13. 

6 

t h e  pcrcentagra of yeast c e l l a  budded. 

r a p i d  rise of t h e  y i e l d  curve with  a corresponding 

dec l ine  in budding ratem8 c o n s i s t e n t l y  obsenred. 

The pe8k marks t h e  t t r r i v l t i o n  of t h e  ps r iod  of 
exponent ia l  cell g r w t b  h i c h ,  t y p i c a l l y ,  spanned 

t h e  i n t e r v a l  from 2 to b h r  a f t e r  i nocu la t ion  of 
t h e  cu l tu re .  

t o  l i n e a r  grovth ,  tbe g x w t h  y i e l d  and percentage 

of budding cells d r m  sha rp ly  over a 4-hr per iod ,  

then f e l l  more slowly mtil t h e  end o f  t h e  sxpcr- 
icaant. 
from acetate i n t o  y e m t  r e q u i r e s  t h a t  p w t h  be  

maintained s o w h w  is the late exponent ia l  phase. 

I n  t h e  course  o f  t L i s  series of  experiments,  

The i n i t i a l  

- 
F o l l ~ ~  t r a n s i t i o n  from exponen t i a l  

C lea r ly ,  o p t i r r  i nco rpora t ion  of carbon-13 

Over 1.8 kg of  y e a s t  vas produced at  an average 

carbon-13 enrichment of 80 atom percent .  

6 kg of  acetic a c i d  VI. consumed f o r  an average 

y i e l d  of 32 percent ;  ~ . t  of t h e  rerPlining carbon 
vas recovered u r u p i r e d  carbon d ioxide .  

cent carbon-13 ( o p t - 4  wi th  r eapec t  t o  cmr rp in-  

r p i n  Coupling consf-om) by W L  V i s i t i n g  S t a f f  

Mmber D r .  R. T. E&L, of  t h e  Un ive r s i ty  of  Te-. 

From t h i s  product VU i s o l a t e d  6-phosphogluconate 

dehydrogenase for kinetic and phys ica l  s t u d i e s  t o  

IDI?mure t h e  e f f e c t ?  of m r y i n g  l e v e l s  of  carbon-13 

Nearly 

-- Candida u t i l i s  um a lso  g r w  at 20 atom per- 
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enrfchiaent. 

u r b m  sources  f o r  growth of a mutant of tjgurospora 

crass. which produces a high level of cytochrome c. 
This p r o t e i n  has  now been p u r i f i e d  and v i l l  a l s o  

be used i n  i so tope  e f f e c t s  and phys ica l  s t u d i e s .  

Y e a s t  hydro lysa tes  were d s o  used as 

- 

I l . r ine red  algae.--Large-scale photosynthe t ic  

production of g a l a c t o s e - ~ - ~ ~ ~  f o r  c l i n i c a l  appl ica-  

tiom has come from incubat ion  of t h a l l i  from %- 
a r t l n a  corymbifera and Gigar t ina  harveyana. 

red kc lp  are obta ined  f r e sh  in 4- t o  6-kg q u a n t i t i e s  

from P a c i f i c  B i o - b r i n e  Supply Company, Loa Angeles, 
about 24 h r  or less after they are harvested from 

t h e  ocean. Photosynthe t ic  incubat ion  is c a r r i e d  out 

in t h e  appara tus  shovn i n  Fig. 7 over a 24-hr per fod ,  

after which t h e  non-reducing ga lac tos ide ,  a -kga lac to -  

pyranosyl-2-glycerol, is ex t r ac t ed  from the t h a l l i .  

Except f o r  s c a l i n g  up of 4OOO- t o  6000-fold. exerac- 

t i o n s  are made e s s e n t i a l l y  according t o  published 

procedures. 

The 

31 

The crude e x t r a c t  is then  chromatographed on a '  
+c Dwex 50U X8 (200- t o  400-mesh, B a  ) column, and 

t h e  r e s u l t i n g  pure ga lac tos ide  is hydrolyzed with 

d i l u t e  t r i f l u o r o a c e t i c  ac id .  

by c r y s t a l l i z a t i o n ,  and t h e  g lyce ro l  is recovered 

f r w  t h e  mother l i quor .  

od involves a c e t y l a t i o n  of t he  crude ga lac tos ide ,  

fo l loved  by i s o l a t i o n  and deace ty l a t ion  of the  

p r e c i p i t a t e d  h c w a c e t a t e .  

a c e t y l  groups with base ,  ac id  hydro lys is  then 

y i e l d s  ga l ac t c se  and g lycero l .  

appears q u i t e  app l i cab le  on a small s c a l e  and f o r  

Galactose is obtained 

Another p u r i f i c a t i o n  meth- 

Fo l l a r ing  removal of t he  

This l a t t e r  method 

SUGAR 

.._ 

I 
I 

1. s n p o r r u m  I. WClO, Cxtractlon 
2. ? i l t n t I r  t a l i I e )  2. "1-1, 
s. Olo-nc. Q: I T A ~ - I O D I N E  C0UTI.X Do.*:-1: --so 

u)LuTxow 1. I.oH 

1. Column Cbrs l tocnphr 

1. CrystaXlIxmrIon 1. Iydrolyata (FI+) 

'* Rcefplt't'om (''OW) 

(Doorex-Y) m8-1 XTARX-U-l'C 

! 

I 

.___. 
F I G .  7. Photosynthe t ic  incubat ion  appara tus .  The 

3 Luc i t e  chaubers have a t o t a l  volume of 
-100 1. and a r e  mounted on a c m o n  o s c i l -  

l a t i n g  mechanisrr. 
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FIG. 8. Tobacco p l a n t s  at about 3 months g r w i n g  
i n  t h e  l abora to ry  under s o i l l e s s  c u l t u r e  
condi t ions .  Nut r ien t  add i t ion  and l i g f i t i ng  
cyc les  are automat ica l ly  con t ro l l ed .  The 
exc ised  leaves  are used f o r  photosynthe t ic  
production of carbon-13 l abe led  sugars .  

I 
0 10 20 30 4 0  

01 

Time (hours 1 . 

FIG. 9 .  Carbon d ioxide  uptake by exc i sed  tobacco 
leaves .  

Caro l ina  S t a t e  Univers i ty .  

experiments v i t h  t h e  f i r s t  p l an t ing ,  about 8 kg 

of  tobacco leaves vere taken from 15 mature p l a n t s  

( g r w t h  per iod  greater than  75 days). 

experiment,  about 1 kg of leaves  was exc ised  and 

preincubated f o r  24 h r  i n  t h e  dark. 
incubat ion  v i t h  carbon-13C dioxide  vas c a r r i e d  out 

over approximately 10 h r  (Fig.  9) i n  Luc i t e  shaker  

boxer (see' Fig. 7 ) .  

During t h e  course of t h e  

In each 

Photosynthe t ic  

Leaves were removed from the  chambers, f rozen  

i n  l i q u i d  n i t rogen  t o  quench metabolism, and s t o r e d  

at 20.C. the f r e e  sugars  and s t a r c h  vere e x t r a c t e d  

e s s e n t i a l l y  as descr ibed  by Putman et &.13 Sta rch  

vas hydrolyzed v i t h  d i l u t e  t r i f l u o r o a c e t i c  a c i d  t o  

glucose,  vhich v u  r c c r y r t a l l l o c d  f o l l o v i n g  evapora- 

t i o n  of t h e  r o l u t l o n .  

tosc vere sepa ra t ed  c h r a u t o p r r p h i c a l l y  in 25-p 

q u a i t i t i e r  w i n g  a 5 x 1OO-cm column of  Dwex 5Ud 
X 8  (200- t o  400-mesh, Sa", r e ~ i a . ~ ~  h e  rugars 

vere cha rac t e r i zed  by enzymatic assay, by o p t l c a l  

r o t a t i o n ,  by gas chromatography of t h e  t r i n t h y l -  

s i l y l  d e r i v a t i v e s ,  by ion exchurp chromatography 

of the b o r a t e  complexes, and by cmr (which a l s o  

confirmed l a b e l  ~ o i f o r m i t y ) . ~ ~  The degree  of enrich- 
omt of carbon-13 in t h e  suga r s  vas determined by 

mass apec t romctr ic  oeuurement  of  t h e  %/"C iso- 
tope  ratio i n  t h e  carbon d iox ide  produced by vet 
comb us t ion. 

Glucose, ~ u c r o s e ,  r ad  f m c -  

Eight inCub&tiOM of  tobacco leaves from t h e  

f i r s t  p l a n t i n g  produced t h e  carbohydrates i n  y i e l d s  

shown i n  Table 2. 

byproducts remaining i n  *e leave6 a f t e r  e x t r a c t i o n  

hFs n o t  been d e t e d n e d  nor  h u  t h e  aaount of ex- 

t r a c t a b l e  products  i n  t h e  l e a f  vines ( t h e s e  vert 
removed from t h e  l eaves  p r i o r  t o  e x t r a c t i o n ) .  With 

e x i s t i n g  f a c i l i t i e s ,  a s t eady- s t a t e  product ion  rate 
of approximately 50 g of c r y s t a l l h e  g lucose  pe r  

week can be nn in t r ined  at m es t imated  personnel 

c o s t  o f  t v o  man-hours p e r  g. 

are be ing  made a t  i n t e r v a l s  t o  ensure  t h a t  a source 

of l abe led  glucose is r e a d i l y  a v a i l a b l e ;  t h e  second 

crop is now mature and be ing  rued ,  and subsequent 

p l an t ings  are developing. Fur ther  d e t a i l s  are 
descr ibed  elsewhere.  

The n a t u r e  of 13C-cont.ining 

Plan t ing8  of  tobacco 

12  

Experiments v i t h  Sv i s s  chard and Canna have 

TABLE 2 .  CARBON-13 LABELED CARBOHYDRATES PRODUCED 

BY TOBACCO LEAP PHOTOSYNTHESIS' 

Product - Yieldb 
Percent 1 - 

Sta rch  155' 33  

Glucose 

Fructose 

44 10 

54 12 
8 

Sucrose 2 1  5 

From 8 experiments vh ich  i l i z e d  8.2 kg of ex- 8 

c i sed  l eaves  and 660 g of %02 at 83 atom percent  
1% (average).  

bBased on 13C02; co r rec t ed  f o r  E. 2 percen t  
endogenous materials. 

%oi s tu re  - con ten t  1 4  pe rcen t ;  hydro lys i s  and 
c r y s t a l l i z a t i o n  gave 130 g E-glucose. 
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been performtd i n  S S S a l t i a l l y  the Same vay u v i t h  

tobacco, t h e  u i n  d i f f e t e n c e s  be ing  that the l ength  

of time photosynthe t ic  i l l tn rdoa t ioo  I s  awed to  
t ake  p l ace  is reduced f r k  40 t o  20 h r  a d  that 

starch is no t  involved. 

i r  suf f i c i e n t  t o  produce t h e  l abe led  carbohydrates 

v i t h o u t  i nco rpora t ing  l a r g e  q u a t i t i e s  of i so tope  

in u n a t r a c t a b l e  material. T h r w  i n c d a t i o n  ewer- 
herits v i t h  C a n 8  w i n g  2.2 kg of m t u r e  leaves m d  

three Swiss chard wing 3.3 kg of leaves have 
performed. 
m j o r  carbchydratur produced (glucose, f ruc tose ,  

and rucrose) are no t  y e t  coolplete; h w e v e r ,  t h e r e  

is i n d i c a t i c n  t h a t ,  although t h e  y i e l d s  are q u i t e  

good, n e i t h e r  Canna n o r  chard v i l l  prove supe r io r  

t o  tobacco f o r  our  rrquiremEnts. 

. 

The reduced tin per iod  
35 

P u r i f i c a t i o n  and ana lys i s  of t h e  t h r e e  

STABLE ISOTOPES I N  BIOHEDICAL RESEARCH 

(D. C. O t t ,  C. T. Gtegg, J. Y. Hutson, V. N. Kerr, 
V. 8.  Kollman, T. U. m u l e y ,  and T. C. Sanchez) 

C l i n i c a l  Appl ica t ions  

The use of non-radioactive s t a b l e  i so topes  ( in  
p a r t i c u l a r  urbon-13) obvia tes  var ious  l i m i t a t i o n s  

encountered in app l i ca t ion  of r ad ioac t ive  i so topes  
in humans and vould g rea t ly  en large  t h e  scope of 

i s o t o p i c  t r a c e r  tests f o r  pregnant vonen and ch i l -  

dren, f o r  e l e c t i v e  d i agnos t i c  procedures i n  la rge-  

scale popula t ions ,  and f o r  many b a s i c  phys io logica l  

and ~ h a r a a c o l o g i c a l  s t u d i e s  i n  hea l thy  sub jec t s .  A 

cu r ren t  o b j e c t i v e  of t h e  I so topc  Appl ica t ions  Sec- 

t i o n  is t o  f o s t e r  and engage i n  e f f o r t s  t o  demon- 

s t r a t e  one o r  more c l i n i c a l  app l i ca t ions  with high 

p r o b a b i l i t y  of widespread adoption and u t i l i z a t i o n  

of r e l a t i v e l y  l a r g e  amounts of carbon-13. These 

i n i t i a l  tests have been s e l e c t e d  on t h e  b a s i s  of 
being both  s c i e n t i f i c a l l y  and c l i n i c a l l y  meaningful 

and t echn ica l ly  f e a s i b l e  at t h e  p re sen t  s t age  of 

developuent of t h e  program. 

a b i l i t y  of t e s t i n g  from t h e  s tandpoin ts  of t h e  na tu re  

of t h e  organic  compound used, c l i n i c a l  procedure? and 

t e c h n i c a l  masurement of t h e  i so tope  i n  t h e  biolog- 

i c a l  products are o t h e r  important cons ide ra t iom.  

S impl ic i ry  and r e l i -  

Col labora t ive  r e l a t i o n s h i p s  are being u t i l i z e d  
t o  ca r ry  out t h e  c l i n i c a l  procedures.  

Dr .  Walton Shreeve of t h e  Brookhaven National Lab- 

ora tory  vas  a t  L&L as a V i s i t i n g  S t a f f  PIember from 

January t o  August t o  e s t a b l i s h  and conduct t h e  f i r s t  

Uthough 

clinical trlalr, u vel1 u t o  Ini t ia te  p l u m  f o r  

a d d i t i o n a l  tests, a ruearch phys ic ian  is not a 
permanent member of  the s t a f f ,  m d  a s a t i s f a c t o r y  

clinical  f a c i l i t y  does not exist at M L .  
Dr. Shreeve's e f f o r t s ,  cooperati-  ventures  have 

begun v i t h  Dr. P h i l l i p  Eatoo and Dr. Jon Shoop of  

the Univers i ty  of N e v  Hcrico School of l lcdicine at 
Albuquerque, vhich should e n t a i l  ex t ens ive  i o t c r -  

a c t i o n  between c l i n i c a l  s t a f f  mmber8 at t h i s  nearby 
k t s t i t u t i o n  and t h e  LASL s t a f f .  

Is being malotaiocd with D r .  %reeve f o l l w h g  h i s  

r e t u r n  t o  Brookhaven. Other  c l i r r i u l  trials are 
b e h g  encouraged through c o l l a b o r a t i o n  v i t h  o t h e r  

i n v e s t i g a t o r s  [Vis. ,  D r .  P e t e r  Kleln of Argonne 

Nat iona l  Laboratory in conjunct ion  v i t h  Dr .  Alan 

Hoffman of  Uayo C l i n i c  ( g l y ~ i n e - ~ ~ C ,  f o r  d i v e r t i c -  

u l i t i s ,  etc.) and v l r h  Dr. William Nyhan of  t h e  

Univers i ty  of C a l i f o r n i a ,  S a n  Diego ( g l y ~ i n e - ~ ~ c ,  

f o r  s t u d i e s  o f  g lyc inu r i a  m d  8Cidur ia  i n  pedi- 

a t r ic  a b n o d i t i e s ) ;  Dr. Cl ive  So lwon  a n d  D r .  E. 
K. Cotton of t h e  Univers i ty  of Colorado (a rg in ine-  

13C/15N, f o r  s t u d i e s  i n  c y s t i c  f i b r o s i s ) ;  and 
D r .  David Kipnis of C'zshington Univers i ty ,  S t .  

Louis ( a . l a r ~ i n e - ~ ~ C ,  Lor amino ac id /carbohydra te  

netabolism, p a r t i c u l a r l y  i n  p e d i a t r i c s )  1. 

Througtr 

Close coord ia8 t ion  

In  some cases, c o l l s b o r a t i o n s  involve  appl ica-  

tions vhich are l i m i t e d  io c l i n i c a l  volume b u t  

p a r t i c u l a r l y  s p e c i f i c  f o r  employmeat of  s t a b l e  iso- 
topes.  We be l i eve  t n a t ,  i n  a d d i t i o n  t o  d i r e c t  ~ 

d iagnos t i c  a p p l i c a t i o r s ,  a broad usage i n  c l i n i c a l  

and pharmacological research  v o d d  f u r t h e r  j u s t i f y  

and s t imu la t e  production of s t a b l e  l r o t o p e s  and 

development of i n s tnanen ta t ion .  The latter can  

involve exp lo ra t ion  of f e a s i b i l i t y  of  new o r  

unique methods of meisurement (e.g. ,  proton radia- 

t i v e  capture  r e a c t i o n s  o r  nuc lea r  magnetic reson- 

ance being a c t i v e l y  pursued by LASL Croups A - 1  and 

CNC-4, r e spec t ive ly )  adapted f o r  p a r t i c u l a r  biolop- 

ical products in blood, u r i n e ,  and perhaps t i s s u e s .  
Refinement and adap ta t ion  of  e x i a t i n g  techniques  

(e.&, mass spectrometry and i n f r a r e d  gas a n a l y s i s )  

a r e  also imgortant func t ions  in suppor t  of c l i n i c a l  

s tud ie s .  
36 

Same metabolic d i seases  are comon ye t  d i f f i -  
c u l t  t o  recognize e i t h e r  c l i n i c a l l y  o r  by l abora to ry  

tests. Even if r ecomized ,  t h e  metabolic ca t egor i e s  
w i th in  and causes f o r  d i s e a s e  e n t i t i e s  need bet ter .  

e luc ida t ion .  One of t hese  dirreases is diabe tes .  
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Stud ies  v i t h  14C-1.beled c-ounda such u 3ucOre 

.nd lactic a d d  have a l ready  bean . i n d  toward e a r l y  

dhgnos i .  a d  r t a b o l i c  understanding of  u t u t i t y -  

aue t  d i a b e t u .  k extmrioru of t h u e  s t u d i e s ,  

o d d u i o n  t o  expi red  cub- dioxide  of aucose -  C 

Is brfw t u t e d  when tbe l a b e l e d  glumme f. con- 
tdned l a  the &luc#e load of an oral fiucooe tol- 
eraam test. Sucb a tot  e8bodio t h e  p r i n c i p l e  

of r ~ l i f i c a t i o n  of clioicd procedure t o  encourage 

vide a c c e p t m u  by p a t i e n t s  in ocreeniq  progranm. 

Previoru e t u d i e r  w i t h  ''C-labded glucoee iod ica t ed  

that & t e n i n a t i o n  o f  i s o t o p i c  cadon in exhaled 
carbon dioxide at variow t h s  fo l lov lng  inges t ion  

of t h e  &ba led  g lucose  load d id  indeed show i q m i r e d  

carbohydrate r s t a b o l i r r  i n  d i a b e t i c  sub jects. Ex- 
tecuiona of  t h t s e  s t u d f u  are now i n  p r o p e r s  u t i l -  

izing g l u c o s ~ - U - ~ ~ C ,  for which t h e  I n v e s t i g a t i o n a l  

N e w  Drug N d e r  9002 v u  provlded by t h e  Food end 

Dntg Administration. 
r a l e c t e d  r e s u l t 8  obta ined  f o r  four  sub fec t r :  a 

revere d i a b e t i c ,  a mlld ( a d u l t - m e t )  d i a b e t i c .  m d  

two (non-diabetic) con t ro l s .  Approdmrtely a dozen 
t o t o  have been p e r f o m d ;  d d i t i o n a l  con t ro l  sub- 

jects m d  p a t i e n t s  s w p e c t e d  of d i abe te s  w i l l  be 
s tud ied  r i m i l a r l y .  

i n d i c a t e  t h a t  t h e  twt  l a c k s  s u f f i c i e n t  s p e c i f i c i t y  
to  diagnose mild diabetes. Appl ica t ion  of glucose- 

l-13C in t h e s e  r t u d i e s  (Food and D N ~  Administration 

13 

pigure  10 i ~ u a t r a t e r  some 

Harever, p r e r e n t  d8ta seem t o  

3 

PIC. 10. 
Ti- (hrri 

Blood glucose l e v e l s  and b rea th  carbon-13C 
dioxide  concen t r a t ions  following o r a l  
admin i s t r a t ion  of 40 g / d  of g l u c o ~ e - U - ~ ~ C  
a t  1.0 atom percen t  excess  carbon-13: 
(A) severe  d i abec ic ;  ( 7 )  m f l d  d i a b e t i c ;  
(C)  and ( 0 )  c o n t r o l  (nondiabetic) sub jac t s .  

hms t ig8 t :OMl  Ucv Dmg Number 8602), i n  considera- 

t ion of involvement of C-1 in t h e  variour r i o n ~ l  and 

abnormal metabolic v t h v a y s ,  could poss ib ly  be more 
d i l C ~ % d ! m t i n g  t b m  @ucoee-U-%; h w e n r ,  -cent 

tests wi th  8 l ~ c o s c l - ~ ~ C ,  in coojunct ion  Vi th  

g l ~ c o s e - U - ~ ~ C  by Dr. arewe at Ilmolhamor i n d i c a t e  
that d i f f e r e n t i a t i a n  %e B r i l l  iMUff iC ien t .  

tiam vi11 n w  be d izee ted  toward i n n s t i e t i o a  of 

13C-labeled &-lactic w i d  ( m d  parhaps p y m d c  a c i d  

m d  &-almine) u U k d y  materials f o r  d i a p o l i s  of 

d i l b e t e r  through i s o t o p i c  a n d y s i s  of brea th  carbon 
dioxide.  

Ihe o r 4  dose of ~ l ~ c o s e - U - ~ ~ C  w e d  in glucose  
2 

t o l e renee  s t u d f u  v u  40 g/m of body area; the 

carbon-13 concent ra t ion  VM 2.1 atom percen t  (1.0 

atom percent  excesa). 

synthes ized  a t  ruch bigher  enrichment,  d i l u t i o n  
v i t h  normal glucose vma necessary.  

: i so top ic  con cent ratio^ i n  u ter idm labe led  v i t h  

Atten- 

Because t h e  gl~cosa-U-'~C W a S  

I n  a d j u s t i n g  

a t a b l e  i r o t o p e s ,  cons ide ra t ion  must be  given t o  

t h e  amount of n a t u r a l  dundance  i s o t o p e  involved 

(another exunple of  d i f f e r e n c e s  beeveen use of 

s t a b l e  i so topes  and r u i i o a c t i v e  i ro topes ) .  
C.la~to.e-U-~~C should be a v a i l a b l e  soon i n  

q u a n t i t i e s  s u f f i c i e n t  t o  proceed v i t h  c l i n i a l  

t r ia ls  (following r e c e i p t  of a FDA investigational 

new drug number) of a ga lac tose  to l e rance  test 
( o r a l  adminis t ra t ion)  which a l s o  u t i l i z e s  ana lys i s  

of carbon d ioxide  i n  t h e  b rea th  u t h e  d i agnos t i c  

parameter. This test should be app l i cab le  t o  pa- 

t i e n t s  v i t h  hypothyroidism ( f o r  vhom i t  could be 
a p a r t i c u l a r l y  needed func t iona l  test of t i s s u e  

oxida t ive  capac i ty)  and t o  p a t i e n t s  v i t h  h e p a t i c  

c i r r h o s i s  (who a l s o  s h a r  i-aired ga l ac tose  tol- 

e rance) .  

L a c t o ~ e - l - ~ ~ C  appear8 t o  b e  vel1 s u i t e d  f o r  a 

major c l i n i c a l  a p p l i c a t i o n ,  s i n c e  conversion of 
h C t 0 8 t - l - ~ ~ C  t o  ca~%On-~'C d ioxide  i n  v ivo  h u  been 

rhavn t o  r e v e a l  rardil 'y t h e  condi t ion  of i n t e s t i n a l  
lactase de f i c i ency ,  which is probably a f requent  

cause of i n f a n t  d i a r rhea  u w e l l  u milk in to l e rance  

in ch i ld ren  and a d u l t s .  

condi t ion  i n  whi tes  (10 t o  20 percent )  and even 
h igher  i n  Africans,  O r i e n t a l s ,  and American Indians .  
A widespread use of l . c t ~ s a - l - ~ ~ C  in p e d i a t r i c s  may 

be predic ted .  
gene t i c  def ic iency  in Southwest Ind ian  groups is 

i nd ica t ed  i n  t h e  L M L  a r e a ,  p a r t i c u l a r l y  s it may 

This is a highly  preva len t  

A s tudy  of t h e  inc idence  of t h i s  
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be l came of t h e i r  c m  ( a d  f requent ly  f a t a l )  

b f M t  dhTZht8. 

B i o c h e d a t r y  

m o l e  ce l l  r t u d i e s  .--An i n t e r u * . i n g  a p p l i u t i o n  

of I3C enr i chacn t  In b i o l o g i c a l  ryrtems w a s  provided 

by ex&mination of t h e  cmr rpectrum of  y e r s t  (s. 
u t i l i a )  at 78 atom pe rcen t  "c. 
whole ce lb ,  at remarkably h i @  r e s o l u t i o n ,  is s h w n  

in ?Yg. 11.. Each of the n d e r e d  peaka CUI b e  

u r i g n e d  t o  8 d m a  o f  urboa a t o m  fn t h e  c(IDlplex 

mixture.  For example. peaks 19 ,  20,  m d  21  are 
methine carbons, peak 9 is in t h e  expected p o s i t i o n  

f o r  t h e  a lpha  carbon atome of  polypeptide chdns, 
whi le  peak 1 rep resen t s  t h e  te rmina l  n t h y l  carbons 

of long-chain f a t t y  ac ids .  

made on t h e  va te r -so luble  f r a c t i o n  from i n t a c t  y e a s t  

cells (Fig. l l c ) ,  t h e  res idue  remaining a f t e r  ex- 

haus t ive  e x t r a c t i o n  wi th  v a t e r  (Fig. l l b ) ,  and 

f l n a l l y  wi th  chloroform-methanol (not shown). These 

cxpa r i aen t r  are s i g n i f i c a n t  i n  t h a t  they e s t a b l i s h  

t h e  p r a c t i c a l i t y  of examining t h e  13C-enriched f rac- 

t i o n s  of complex b i o l o g i c a l  mixtures even i n  SIM- 

perBions of  i n t a c t  cells o r  crude e x t r a c t s .  

were a l l w e d  t o  metabolize g l u ~ o s e - l - ' ~ C  vi t h  10 

n e  apactrum of 

Fur ther  r t u d i u  were 

h an extens ion  of t h i s  work, unlabeled y e a s t  

FIG. 11. 

, , , . ,  
IYO -10 .OD -ma -w -.o -w e e10 *.o .co 

w m  fm ww 

Carbon-13 nuc lea r  magnetic resonance spec- 
t ra  of s. u t i l i s  c e l l s :  
suspended i n  DzO; (b) c e l l u l a r  components 
remaining after exhaus t ive  e x t r a c t i o n  wi th  
'DzO; and (c)  water-soluble components 
re leased  by  osmotic shock. 

(a) whole c e l l s  

atom percen t  l3C at c-1. 
out under anaerobic cond i t io ru  in t h e  cmr .-le 
tube ,  and s p e c t r a  e r e  accumulated at  i n t e r v a l s  by 

t h e  f a s t  Four ie r  t r m s f o n a  rmethod. The results are 

 rho^, in p a r t ,  in Fig .  12. 

t h e  region of C-1 of glucose  are 8hsvn for ze ro  tine 
and for p S e  8 d a t i o a r  from 56 t c  70 .sin 

and from 83 to  99 riu. The insert r ~ r i z e s  t h e  
reeults of  t h e  complete axpcr incnt .  

from 'C-1 p rog re r s ive ly  dec l ines ,  whi le  tb8r  of  
eth.n01-2-13c p a d u i l l y  rises. 
in a 80 f a r  m i d e n t l f i e d  13C-c-ound is a l s o  shown. 

This signs1 nay be t h a t  of i n t r a c a l l d a r  glucose 

which might be c rpec ted  t o  g ive  a d i f f e r e n t  r i g n a l  

from t h a t  of  extracellular gkzose.  

The exper iuent  v u  c a r r i e d  

The a c t r d  a p e c t r a  i n  

Tt.2 r i g n a l  

The r t e a i y  i n c r e a s e  

hi. i a p o r t a t t  

po in t  is under fcrtbtr i n v e s t i g a t i o n .  

Carbon-13C mnox lde  b inding  t o  v a r i o s  heno- 

g l o b i n s ,  cytochrome, snd rnetallopor?hyiir.~.--A 

number of s t u d i e s  on t h e  cnr  s p e c t r a  of 13C3 bound 

t o  var ious  molecules of b i o l o g i c a l  iqxr tb- .ce  have 

been c a r r i e d  out at LASL. -1y a riapie  p e d  is 
observed i n  t h e  srmt s p e c t r a l  r ag lan  v h e t h s r  t h e  

binding hemoglobin is i n  i n t a c t  red cells, heno- 

l y s a t e s ,  OT Solu t ions  Of pT€ViOUSly crys:alllzed 

hemoglobin (Table 3). 
and dog s h w  t h e  em:: behavior even under condi t lons  

Hemoglobins from uan, m u s e ,  

4 Z ' Y  .L .  . 4 ' 

/I % Minurct of I 

- -0 0 .o .a .y .a -w -x) -40 -m .x) 

ppm F m  Melhcnol 

FIG. 12. He tabo l i s r  of g l ~ c o s e - l - ~ ~ C  by i. c r i l i s :  
( a )  3 t o  7 d:. a f t e r  in i t ia t lo : .  of =et- 
abolism; (b) I2 t o  1 6  ziri; (c) i8 to 
62 mini (d) 56 t o  70 dr.; &zd (e; 83 t o  
99 min. Tha s p e c t r a  o5t r fned  tiuring t h e  
I n i t i a l  t i m e  per iods  shw only i h e  slg- 
n a l s  c o r r e s p n d l n g  t c  zhe carte::-13 sub- 
strate; t h c  g lucsse  C - l  r eg ion  1s I:ILL- 
t r a t e d .  S:&.ials i n  t h e  region bet;-cen 
-12 and -2h ppo are from t h e  k : u r a l  
abundance crrban-13 i n  g lucose  carbons 
o the r  than C-1. 



Protoporphyrin X, d lme thy l r s t e r  

Uumm whole blood 

Pecked human red blood celb 
b E m a n  hemglob in  

U n r d e n a t u r e d  hman hemoglobin 

npoglobin 

Carboryra thyl  cy tochrom c 

Q r e c d e n a t u r e d  cytochrome c 
Rabbit  whole blood 

-76.2 
-77.4 (W a21 
-77.6 (55 Br) 
-77.2 (50 Hz) 
-76.7 ( 5  Ez) 
-78.6 (5 Br) 
,-75.8 ( 5  Bz) 
-76.4 (5 Hz) 
-17.5 
-79 .s 

5 n  ppo from lacthanol; t h e  a m b e r s  in parentheses  
are t h e  f u l l  widths of t h e  r i g n a l r  a t  ha l f  -mum 
i n t e a s  i t y .  

b C r y s t a l u s e d  from pooled hrrman blood a m p l e e  and 
r ed i s so lved  in Dp. 

of  a c i d  or base dena tu re t ion  o r  in 8 urea. The 

spectrum of the  l3g0 bound t o  i r o n  of cytochrome c 

or t o  s y n t h e t i c  i r o n  porphyrins is t h e  sane  as t h a t  

o f  i r o n  carbonyl or the cotcplex b i o l o g i c a l  molecules. 

k shown in Table 3, l i n e  widths f o r  single-chain 

p r o t e i n s  l i k e  myoglobin and cytochrome c are much 

n a r r w e r  than  f o r  i n t a c t  hemoglobin. 

l i n e  v i d t h  f o r  red isso lved  c r y s t a l l i n e  hemoglobin 

is t h e  r m  u f o r  hemoglobin i n  whole blood o r  

packed red alh, whi le  dena tu ra t ion  i n  8 urea 
U u e U  e 8 u b s t 8 n t i ~ l  n a r r w i n g  of  t h e  hemoglobin 

l i n e .  

equa l  peaks f o r  l 3 C 0  bound to  r a b b i t  hemoglobin. 

There authorr  a s c r i b e  t h e  two peaks t o  d i f f e r e n t  

b ind in8  of t h e  13C0 by t h e  hemoglobin a lpha  and 

b e t a  cheins. Our d a t a  sugges t  t h a t  t h e  e x p h r u t i o n  

given by t h e  au tho r s  cmnot b e  c o r r e c t ,  bu t  we have 

v e r i f i e d  t h a t  r a b b i t  hemoglobin doer indeed s h w  
two p e h  of bound l3Co. Two p e d s  of e q u d  inten- 

sity r a t i o  were observed in blood from t h e  f i r s t  of 
t h r e e  6-r~onth-old male Dutch banded r a b b i t i .  The 
8econd r & b i t  8hoved an I n t e n s i t y  r a t i o  of t h e  peaks 

of 4:5,  whi le  t h e  t h i r d  r a b b i t ' s  blood g8VC two 

$e&. of i n t e n s i t y  1:s. The w6t l i k e l y  explut8- 
t l o n  i s  8 population of cvo hemoglobins i n  t h e  

a d u l t  r abb l t .  Measurement of t h e  amounts of  fe ta l  

me hemoglobin 

A recent  paper" repor ted  a spectrum with two 

htPlDglobin in each nbbir . hand  that t h e i r  blood 

contained 7.5. 5.5, a d  1 5  percent  fetal  hemo- 
d o b i n ,  r t . pcc t iv@~y. ;  -r, thir does not seem 

to  &count fo r  t h e  i n t d t l w  o f  t h e  tvP-bMded 

i p e c t ~ .  

have been 8ent t o  Dr. S-Q Shohet, W i v e r e i w  of 
C i l i f o r n l a  Medical Sdswl, S.n  ?r .DC%ICO,  t he  

hanoglobin camponcnts rill b e  iep8r8 ted .  w u r e d ,  

.nd re turned  t o  Lo8 llrrpr for  f u r t h e r  s tudy .  

Since t h e r e  i e  ab&t evidence f o r  he t e ropeac i ty  

irr both a lpha  and beu d d n s  of r a b b i t  h-globin 

due t o  polymorphic Uelu ( r a t h e r  t h r n  U o n d l d i e  
p n e s ) ,  s tudy  of tbe 
hemoglobin8 w i l l  expplrln, hopefu l ly ,  t h e  exper- 

l r n t a l  o b m e m t i o m .  

bsples of t2be blood of r a b b i t s  1 and 3 

binding  by sepa ra t ed  

Other en-1 a t d i a . - I n  co l l8bora t ion  wi th  

Dr. h i t h e r  Neubert, C b l n a n  of the DcpartrPmt 

of Embryonal Toxicology, Free Univers i ty  of Ber l in ,  

tk have begun a study OE t h e  e f f e c t s  of high 13C 
enrichment 0x1 embry0p.I r t a b o l i a m  i n  mice. The 
f i r s t  r e q u i r e a n t  of t h a c  i n v e s t i g a t i o n s  vas produc- 

t i o n  o f  p r e c i r e l y  t h d  p r e g n m c i m  i n  8-8 60 a c e .  

I n  t h e  f i r r t  expa-ut, g l u c o ~ e - U - ~ ~ C  i d t i 8 1 l y  was 

given in t ravenous ly  a d  subsequently by stomach tube  

t o  mlcc dur ing  t h e  8 t h  m d  9 t h  days of pregnancy; 

in a second experiment. g lucose  was given du r ing  t h e  

10th  8nd 11th g e s t a t i o a d  day.. 

imcnt, g l u c ~ s e - U - ~ ~ C  vas given dur ing  day 11 of 

ges t a t ion  v i t h  s u m  of the anlam18 being s a c r i f i c e d  

at 8 h r  a f t e r  t h e  f i r s t  i s c top8  arknin i r t ra t ion  

and t h e  remainder a t  24 br .  In  t h e  last  i r o t o p e  

experiment, mice in day 16 of g e s t a t i o n  were rued ,  

u r d  carbon-13 v u  a d r i n l s t e r e d  at I n t e r P e l r  f o r  
8.5 h r  f o r  BOL of t b e  orimals and f o r  24 h r  f o r  

t h e  remainder. A d d l t i a u l  non i ro top ic  expe r iuen t r  

were performed t o  ICUOI, t h e  e f f e c t s  on embryo 
resorption and blood &bane  l e v e l s  of  v a r i o w  
rou te s  urd time eequrnma of  g lucose  admin i s t r a t ion .  

A f t e r  each irotop* experiment , t h e  erPbryos 

were removed, veighhcd, tben hormugenized u.d sep- 

a r e t e d  i n t o  a v a r i e t y  of chemlcal f r a c t i o n s .  

Uatcrnal blood axid U*u vere c o l l e c t e d ,  as well u 
o t h e r  nu tem81  t i s a w  Sn some experiments.  
l i v e r s  ve ra  c o l l e c t a d  u p a r a t e l y  from t h e  day 1 6  

embryos. 
Dr. Shohct'a l&o-tom i n  Saa Francisco  for ex- 

i n a t i o n  of  red c e l l  d r a n e r  by em. 
enr iched ,  h ighly  purified DNA w a s  i s o l a t e d  from 

I n  a t h i r d  exper- 

38 

F e t a l  

Labeled red blood cells were s e n t  t o  

Carbon-13 

122 
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g- fractiozm and will be analyzed in t h e  d y t -  

i c d  u l t r a c e n t r i f u g e  and, i f  poss ib l e ,  by cmr. 
Crude RNA f r a c t i o n s  ( r r r t l y  ribosomal but  probably 

also m t a l n i n g  t-RNA.) vere prepared along vith a 
v a r i e t y  of  liver Blycogen s.nples. 
chromatin f r a c t i o n ,  a h i s t o n e  f r a c t i o n ,  a i d  A lNA 

res idue  ( a f t e r  h i a tone  ex t r ac t ion )  were prepared 

f o r  a r  examlaation, and crude RNA polymerase w a s  

i s o l a t e d  frm both  normal carbon and i r o t o p i c  ur- 
bon materna l  and f e t a l  nuc le i .  These ramplets are 
in add i t ion  t o  t h e  crude acid-soluble f r a c t i o n s ,  

etc.,38 being  =de from a varlety of m t e r n d  m d  

f e t a l  n t e r i a l  obta lned  in the course of t h e s e  
exper iuent r  . 

A l abe led  

A number of b e n e f i t s  are expected from t h i s  

approach. Carbon-13 labe led  b i o l o g i c a l  materials 
can b e  prepared from t h e  manmalian material, and 
t h e  e f f e c t s  of h ighly  enriched carbon-13 can bc  

s t u d i e d  on t h e  very s e n s i t i v e  embryonal system. 

also hope t o  develop m t h o d s  f o r  localizing t h e  

metabolic l e e i o n  caused by embryotodc  agents by 
no t ing  changes i n  the p a t t e r n s  of carbon-13 incor- 

po ra t ion  (by cm) when t h e  e d r y o t o x i n  and a carbon- 

13  s u b s t r a t e  are given simultaneously.  Moreover, ve 
expect t h a t  t h e  carbon-13 l a b e l i n g  may prove a 

p w e r f u l  t o o l  f o r  i s o l a t i n g  macromolecules formed 

-- de novo i n  a v a r i e t y  of synchronized b i o l o g i c a l  

systems, of vhich t h e  PaPPolian e d r y o  is t h e  m o s t  
co lnplu  example. 

We 

Biosynthe t ic  pathways .--In a co l l abora t ive  

p r o j e c t  v i t h  D r .  M l t o n  Al l l soa ,  U. S. Department 

of Agr i cu l tu re ,  Ames,  Iwa, i t  WM found by 

app l i ca t ion  of cmr techniques t h a t  C-2 from acetate 
w a s  incorpora ted  by a rumen organism e n t i r e l y  i n t o  

C-3 of i so l euc ine  r a t h e r  than C-2 as expected on 

t h e  b a s i s  o f  knovn m t a b o l i c  pathways. Fur ther  

i n v e s t i g a t i o n s  are being c a r r i e d  out using both 

ace ta te2-13C and acetate-1,2-13C. It is an t i c -  

i p a t e d  t h a t  cons iderable  information about path- 

ways of a d n o  a c i d  b iosyn thes i s  can be obtained 

through a p p l i c a t i o n  of carbon-13 l a b e l i n g  and cmr 
i n  a =re s t r a i g h t f o n a r d  manner than is poss ib l e  

with 10.68 spectroscopy or wi th  r ad ioac t ive  l a b e l i n g  
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ANIW COLONY ACTIVITIES 

MTRDDUCTIM 

The U S L  anima1 colony ope ra t ions  continued 
d o n g  the same l ines  as repor ted  f o r  1971 1 v i t h  in- 

creased act ivi t ies  in the hot  p a r t i c l e  program and 

la  t h e  areas of pathology m d  d i sease  s u r v e i l l m c e .  

Dsy-today i a v e n t o r i c r  of urimrls have not  chmged 

. i gn i f l can t ly  wer the previous year. 

of a p-11 f l e x i b l e  animal-holding f a c i l i t y  in t h e  

TA-51 cumplex remote from t h e  muin labora tory  bui ld-  

i n g  vi11 begin in t h e  rp r ing .  

conr t ruc ted  t o  house l a r g e r  .nimals such as sw1r.e 

but CUI be converted f o r  vork wi th  rodent spec ie s .  

The f a c i l i t y  also vi11 provide a l oca t ion  f o r  i S O l 4 -  

t i o n  of animals brought t o  t h e  LASL f o r  ahort-term 

experiments by ou t s ide  i n v e s t i g a t o r s  us ing  t h e  bio- 

medical beam at t h e  CPAMPP. 

Construction 

The f a c i l i t y  w i l l  be 

DISEASE SVRVElLLANCE 

(P. H. LaBauvc, H. R. Brooks, and L. H. Holland) 

For several years  a su rve i l l ance  prograa has 

been in e f f e c t  to  a i d  i n  c o n t r o l  of Pseudomonas 

aetuginosa and related pseudomonads i n  t he  mouse 

colony. 

(12 ppm) p lus  d isposable  b o t t l e  caps and twice 

veekly b o t t l e  changes has  been in use s ince  196?. 

Cages of mice a r e  t e s t e d  at cime of changing 

A system u t i l i z i n g  ch lo r ina t ed  water 

by c u l t u r i n g  vater from t h e  b o t t l e s  on a s p e c i a l  

r e l e c t i v e  medium (Pseudosel, BBL). I n  add i t ion ,  

rtool c u l t u r e s  are performed pe r iod ica l ly  on rcp- 

r e s e n t a t i v e  cages. 

t e s t e d  a t  least q u a r t e r l y ,  and mice used i n  radia- 

t i o n  experiments are t e s t e d  before  and dur ing  t h e  

experiments, o f t e n  weekly. 

Stock and breeding mice are 

Inc idence  of p o s i t i v e  cages was q u i t e  1tw dur- 

i ng  t h e  f i r s t  6 nwnrths of 1972 (5 out of 749 cages). 

Houever, i n  June 1972, an outbreak occurred i n  one 
breeding room and w a s  t r aced  t o  a d i r t y  a i r  condi- 

t i on ing  f i l t e r .  

have reduced t h e  number of p o s i t i v e  cages t o  q u i t e  

low l e v e l s ,  and t h e  outbreak has  not spread t o  

Severe c u l l i n g  and r egu la r  t e s t i n g  

other rooms. The 8ituatIm rerporcsible for t h i s  

condi t ion  v u  corrected.  

In add i t ion  t o  t h e  Pseudomonu s u r v e i l l a n c e  

p r o g r m ,  colony control e t u d i u  are performed on a 
rou t ine  b u i r .  U l c r o b i o l o g l d  examinations f o r  

Uycoplasma, Pas t eu re l l a ,  m d  e n t e r i c  pathogens are 
performed OD a11 rodent a d  lagomorph s p e c i e s  on a 

rand- b a r i r ,  and ill Incoming animal8 are t e s t e d  

c r t e n s i v e l y  dur ing  quarant ine .  

SUPPORT ACTIVITIES 

(P. H. LaBauve, S. G. Carpenter,  L. H. Hollrnd, 

J. R. Pr ine ,  and R. 8 .  Wood) 

I n  m y  rad ia t lon  l e t h a l i t y  s tudy  Involv ing  

l a r g e r  labora tory  spec ie s  such as monkeyr and dogs, 

i n f e c t i o n  p lays  a mjor r o l e  i n  a l l  bu t  t h e  very 

h ighe r t  dore r a t e  exposures. 

ve huve made an attcrpt t o  de f ine  t h e  bac te r io log -  

i c a l  f l o r a  of rhesus monkeys (Hacaca mula t ta )  

before  exposure to  l e t h a l  i r r a d i a t i o n  and t o  de t e r -  

mine what, i f  any, b a c t e r i a l  s p e c i s  can be  

recovered from t he  blood dur ing  the  te rmina l  s t a g e s  

of t h e  experiment (see HoPnalian Radiobiology Sec- 

t i o n  of t h i s  r epor t ) .  Throat,  f e c a l ,  and blood 

cu l tu re s  are obcaincd from each of 10 monkeys j u s t  

p r i o r  t o  start of r ad ia t ion  exposure. 

and anaerobic cu l tu re  techniques a r e  employed t o  

i d e n t i f y  a i g n i f i c m t  spec ie s  of b a c t e r i a .  

s h a r s  t h e  spec ie s  i d e n t i f i e d  and frequency of i so l a -  

t i on .  

Over t h e  last yea r ,  

Both ae rob ic  

Table 1 

The presence,  i n  many of t h e  monkeys, of t h e  
"trench mouth" organisms without c l i n i c a l  s i g n s  o f  

t h e  d i s e a s e  is o f - l n t e r e s t ,  as one of t h e  s igns  of 

approaching teI.min.1 i l l n e s r  i n  monkeys is infec-  

t i o n  of and hemorrhage from t h e  gums. 'LLo of t h e  

a i m r l s  had Sh ige l l a  spec iea  i n  t h e  t h r o a t ,  demon- 

s t r a t i n g  t h e  a b i l i t y  of t h e  monkey t o  l i v e  wi th  t h e  
cons tan t  presencc of Shige l l a .  Pos i t i ve  blood cul-  

t u r e  for S h i g e l l a  i n  one a n h l  and Staphylococcus 

ep idennid is  i n  th ree  animals was a t t r i b u t e d  t o  con- 

tamination a t  t h e  time t h e  blood sacp le  was drawn. 
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?rete- rp .  

Ronbenolytic r t a p h y l o c o c d  

St rap tococcur  vfiddanr 

Borrelia end f u r i f o m  
b . c i l U  

S h i g e l l a  rp.  

C h  tridium perf r ingcnr  

Escherichia and Aerobacter 

Staphylococcur ep idermidis  

- ly t ic  8tAphylOCOCCi 

Bacter ioder  8p. 

6 
4 
9 
lo 
3 
3 

6 

2 1 1  

9 
lo 

3 
1 2  

TABLE 2.  POSITIVE BLOOD CULTURES AT T E W I W I O N  

Staphylococcus ep idermidis  1 
Bactero ides  1 
Clor t r id ium pe r f r ingens  1 

The cons tan t  f i nd ing  of Clos t r id ium per f r ingens  i n  

t h e  r t o o l  c u l t u r e s  is i n t e r e s t i n g  but no t  s u r p r i s -  

i ng ,  8s C l o s t r i d i a  are considered a n o m a 1  inhab- 
i trnt  of t h e  g a s t r o i n t e s t i n a l  t r a c t  of most mammals. 
Bwever, t h i s  observa t ion  i s  vorthy of note ,  as 

Clos t r id ium pe r f r ingens  p l ays  a r o l e  i n  t i s s u e  

d e s t r u c t i o n  found i n  t h e  l e t h a l  g a s t r i c  b l o a t  syn- 

drome of macaques. 

2 

3 

Table 2 s h w s  t h e  spec ie s  of b a c t e r i a  recovered 

from blood c u l t u r e s  of t h e  same animals j u s t  p r i o r  

t o  death.  The l a r g e l y  nega t ive  r e s u l t s  i n d i c a t e  

t h a t  e i t h e r  t h e  monkey does not  s u f f e r  from s ter- 
r P i ~ l  bacteremia under these  condi t ions  or t h e  tiiaing 

of sampling VIU ques t ionable .  Resul t s  and mthodn 

of t h e  e n t i r e  experiment are t o  be repor ted  else- 
vhere.  

PATHQOGY 

(J. R. Pr ine ,  S. C. Carpenter ,  8. H. Wood, a d  L. H. 
Holland) 

Pathology s t u d i e s  lend  support  t o  most of t h e  
p rogram u t i l i z i n g  animal modeln. 

11 months of ca lendar  1972, nea r ly  800 complete 

pa tho log ica l  examinations v e r e  performed on a 

v a r i e t y  of animals.  

c i a t ed  with t h e  hot  p a r t i c l e  program vhich demands 

During t h e  f i r s t  

H o s t  of t h e  vork load is asso- 

d e t a i l e d  grOS8 and h i s t o l o g i d  r t u d i u  on each 
animal. 
ity r t u d l e r  involv ing  dog8 and monkayr ell1 €or 
-let8 pathology mtudiu on i n d i d d u l l  m i P r t s .  

ir development of technique f o r  radiography of  
uhola b-tsr 1-8 o t i l l r i n g  u l t r u o f t  X rayr. This 

techoique ,  which d r o  p n r e r v u  the tirme for  later 
h imtologica l  r t udy ,  1s e x p l 8 b . d  in d e t a i l  e l r evhe re  

in tiir r e p o r t  (me not P a r t i c l e  P ro jec t ) .  

In add i t ioo ,  -arative r a d i a t i o n  l e t h a l -  

One of  the more 4 0 r t a n t  pa th0100  activities 

m T E R  ANESZRESU 

(L. M. liollrrrd, C. A. Drrke, J. E. Lodon, and J. S. 

Wilron) 

D r v e l o p m t  of product ion- l ine  techniquem of 
d c r o e p h e r e  i n j e c t i o n  u t i l i z i n g  t h e  water p i ck  

r equ l r e r  t h a t  we anes the t i ze  h w t e x a  on volume 
b+s is .  

t o  dea th  losses up t o  10 t o  12 percent  du r ing  t h e  

l m e d i a t e  pos t -opers t ive  per iod  i n  m a  i n s t ances  
and an  a d d i t i o n a l  few later dea ths  from i n j u r y  t o  

abdominal organs. 
use katamine hydrochloride (Kctaset, B r i s t o l  Lab- 

o r a t o r i e s ) ,  a new anes thcs i a  marketed f o r  u se  in 
c a t s ,  t h a t  has  t h e  d i s t i n c t  advantage of be ing  

designed f o r  in t ramuscular  use. 

ch lo r ide  has a v i d e  margin of na fe ty  and a c t a  very 

r ap id ly  with an e f f e c t i v e  du ra t ion  o f  10 to 15 adn- 

Utes. 

hamsters,  inc luding  some t h a t  vere given a f u l l  

8nes the t i c  dose weekly f o r  12  veeks, and have ob- 

served no d e l e t e r i o u s  a f t c r - e f f e c t r .  With t h e  use 

of t h i s  drug, our a n e s t h e t i c  l o s s e s  have dropped 

from -10 percent  to  less than 1 percent .  
on t h i n  app l i ca t ion  i r  i n  p repa ra t ion  f o r  publ ica-  

t i on .  

4 

Use of i n t r a p e r i t o n e a l  p e n t o b a r b i t a l  l e d  

To overcow thb loss, we n w  

Ketamlne hydro- 

We have now used t h i s  drug i n  over 1000 

A note  

COHPLIANCE WITH FEDERAL LAWS 

To our  knowledge, ve have remained i n  c q l i -  
8nce u i t h  a11 f e d e r a l  l a v s  governing t h e  c u e  and 

treatment of  labora tory  animals. The LASL'r Bio- 
r d i c a l  Rasearch Croup has been acc red i t ed  by t h e  

A n t d u n  Associa t ion  f o r  Laboratory Ani-1 Care 
(ANAC)  s ince  1966. Representa t ives  from A A U C  

made a site V h f t  for t h e  purpose of updating our 

8cc red l t e t ion  dur ing  November 1972. 
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638-64) (1972). 

J.  Cell Mol. 54. 

R. A. Tobey, A Simple, Rapid Technique f o r  

Determination of t h e  E f f e c t s  of Chemotherapeutic 

Agents on HPrrmalian Cell-Cycle Traverse .  Cancer 

RCS. 2, 309-316 (1972). 

R. A. Tobey, E f f e c t s  of Cytosine Arabinoside,  

Daunomycin, Uithranycin.  Asecyt ld lne ,  Adrlamycin, 

and Camptothecin on Uamnalian Cell-Cycle Traverse.  

Cmcer ~ e r .  32,. 2720-2725 (1972). 

Hlcrof luorane t ry  i n  De ta i l ed  Analysis of E f f e c t s  of 
Chemic81 Agents an Cell-Cycle Progression. 

R. A. Tobey and H. A. CrissmJn, Use of F l w  

Cancer 

h a .  32, 2726-2732 (1972). 

R. A. Tobey, H. A. Crisrman, and P. U. Kraemcr, 

A Ucthod f o r  Comparing E f f e c t s  of D i f f e ren t  Synchro- 

n i z i n g  P ro toco l s  on  Ilmmallan Cell-Cycle Traverse.  
- In:  

Annual Meeting of t h e  AaPrican Society f o r  C e l l  
Biology. St.  Louis ,  Missouri (November 8-11. 1972) 
- 55, 99. (1972), Abst rac t  No. 198. 

Abs t r ac t s  of Paper6 Presented  a t  t h e  Tue l f th  

P. A. Ydters, L. R. Cbrley, B. A. Tobey, H. D. 

Eager, and 1. L. & t u f f ,  E f f e c t s  of X-I r rad ia t ion  

011 DNA Precursor  Ilrtabollma and DNA Repl i ca t ion  in 
Chinese 1.nrt.r -11.. 2: Abstracts of P ~ p e r r  

for t h e  20th Annual M e t i n g  of  the ILcdiation 
Research Socicv, Por t l and ,  Oregon ( h y  14-18, 19721, 

pp. 25-26, Abst rac t  No. Cb-8. 
' R. A. Udters, L. R. a r l q ,  8 .  A. Tobey, H. D. 

Enger, and R. L. U t l i f f ,  E f f e c t s  Of X-IrradiJtiOn 

on DNA Precursor  Uetebolism and DNA Rcpl l ca t ion  i n  
Chinese Hamster C e l h .  &: Abst rac t8  O f  the F i r s t  

Rocky Wuata in  Regional Meeting of t h e  Americm 
Chcmiu l  Society, C o l o r d o  S t a t e  I ln ivc r s i ty ,  Fort 
C O l l i W ,  ColorJdo (June x)-JUly 1, 1972)s P. 17s 

Abs t rac t  No. 20. 

8. A. Udters, R. L. R s t l i f f ,  L. R. Gurley, 

and U. 0 .  Enger, The E f f e c t s  of X-I r rad ia t ion  on 
t he  Methylation of DNA from Chinese Hamster Ovary 

Cells. &: Abs t rac t s  of t h e  28th Annual South- 

ues t Regional Ueeting of t h e  M r i c m  C h d c a l  

Socie ty ,  Baton Rouge, Louis iana  (December 6-8 , 
1972), p. 36, Abat rac t  No. 68. 

Hanuscripts Submitted 

B ,  J .  Barnhart ,  S. R. Cox, a d  R. T. Okindca, 
Charac te r i za t ion  of Defec t ive  Lysogeny i n  m- 
p h i l u s  in f luen rae .  Virology (submitted).  

of Induced Prophage in Wscmophilus i n f l u e n t a e .  

Vlrol.  (submitted).  

B. J .  Barnhart  and S. H. Cox, DNA Rep l i ca t ion  
J. 

D .  P .  Bingham and B. J. Barnhart ,  I n h i b i t i o n  

of Transformation by Antibodies aga ins t  Competent 

Haemophilus Lnf luentae .  J.  Gen. Uicrobio l .  ( i n  

p re s s ) .  

comes of CHO, an Aneuploid Chinese Hamster C e l l  
Line: CBand, C-Band, and Autoradiographic Anal- 

yses.  Chromosomo ( i n  press ) .  

Histone Phosphorylation i n  La te  In te rphase  and 

M t o S i s .  Biochem. Biophys. Res. Cormnun. (in p r e s s ) .  

L. L.  Deaven and D. P. Petersen ,  The Chromo- 

L. R. Curley, R. A. U a l t e r ~ ,  and R. A. Tobey, 

L. R. Curley, B. A. Walters, and R. A. Tobey, 

The Metabolism of Hlstone F rac t ions .  V I .  Dfffer -  

encrs  i n  t h e  Phosphorylation of His tone  F r Jc t ions  

dur ing  t h e  C e l l  Cycle. 
( i n  press). 

Arch. Biochcm. niophyr. 

R. CurlW, U. D. Enger, and R. A. Ualters, 
The Nature of Histone f l  I a o l a t e d  from Polysomes. 

Biochemistry ( i n  p r e s s ) .  
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C. E. t l i ldebrand and R. A. Tobey, D N A - W r a a r  J.  P. S p i l d i t y ,  1. J.  Iaamann, R. P. k c h u h t a ,  

Cenwlexer i n  Cultured Chinese Rsmster Cells. 1. 
Nature of t h e  DNA-Membrane Association. J.  C e l l  

Biol. (oubmltted). , su re .  Radia t ion  Res. 1, 608-614 (1972). 

Cmlucs in Cultured Chinese Hamster C e l l s .  

I n M h e P r n t  of DNA-Hembrae Ccnnplexes in TLmpOr.1 60 I r r a d i a t i o n  in B e a g l u  a i d  Monkey.. &: Ab- 
m d  Spa t i81  Organiza t ion  of  DNA. 

(submitted). 

and 0 .  S. Johaaon, Comparative Effect. of Dare Pro- 

traction by RaCtiOnAtiOn u rd  by Continuour Ewo- 

C. E. Bildebrand and R. A. Tobey, DNA-Hcrabrme J .  P. Sprldiog,  L. Y. Eolland, l a d  J.  R. Pr ine ,  

Comparative E io log ico l  E f f e c t s  of  P ro t r ac t ed  Cobalt- 

stract. of Paper. f o r  t h e  20th A n n u l  b a t i n g  of  t h e  

Radia t ion  Research Society, Por t l and ,  Oregw ( U y  14- 

18, I972), pp. 35-36, Abs t rac t  No. Cd-12. 

11. 

J. Cell Bioi.  

Po PI. Kraemcr. R. A. Tobey, and U. A. V a n  
Dill . ,  Plow n ic ro f luo romct r i c  S tudies  of P l a n t  

Lec t in  Binding t o  vmrmrlian Cells. 1. & n e r d  The Effect. of D o s e  P r o t r a c t i o n  on H e m a t o p o i u b  i n  
Feature.. J. Cell. Phys io l .  (8ubmitted). t h e  Primate .nd Dog. L i f e  Sc iences  and Sp8Ce 

J. P. Sprldfag, L. U. Bolland. m d  J- R. P r h e .  

P. M. K r u m c r  m d  €I. A. Criasman, Plov Micro- Research COSPAR 5, 155-164 (1972). 

. 

Manuscripts Submitted 
f luorometr ic  S tudies  of P l a n t  Lec t in  Binding t o  

Wmnallm Cells. 11. In te r f e rence  betveen Con- 
J. E. Purchner, C. R. Richmond, and J .  E. 

Loadon, Comparative Hetabolism of Radionucllder in 
h.mmols. V I I I .  Re ten t ion  of Beryll ium I n  t h e  

Mouse, Rat, Monkey and Dog. Health Phys. ( i n  

canaval in  A and Wheat Germ Agglutinin S i t e s .  
Cell. Phys io l .  (submitted).  

J. 

7 
A. G. Saponara and H. D .  Engcr. The I s o l a t i o n  . 

from Ribonucleic Acid of Subs t i t u t ed  Uridines 
press ) .  

J.  F. Sp-lding. L. H. Holland, J .  R. Pr ine ,  

P. M .  LoBauve, and J .  E. London, Comparative E f f e c t s  
of Dose P r o t r a c t i o u  and Residual I n j u r y  i n  Dogs and 

Containing a-Aminobutyrate Moieties Derived from 
Methionine. J. Biol. Chem. ( s u b d t t e d ) .  

R. A. Tobey, Production and Charac te r i za t ion  

of Xarmnalian Cells Reversibly Arrested i n  G1 by 

Growth i n  I s o l e u c i n t D e f i c i e n t  Medium. 2: Methods H o n k ~ s *  Radiation (submitted) ' 

i n  C e l l  Physiology, Vol. E (D. M. P r e s c o t t ,  e d . ) ,  

Academic Press ,  New York ( i n  p re s s ) .  PHYSICAL RADIOBIOLOei SECTIOP! 

MAWULIAV RADIOBIOLOGY SECTION 
- Publ ica t ions  

M. R. Raju, Phys ica l  and Radiobio logica l  

PubU c a t i o n s  Aspects of n- &sons i n  Radiotherapy. Los Alamos 

S c i e n t i f i c  Laboratory r epor t  LA-4931-S (August W. H. Lan&am. Bio log ica l  Impl ica t ions  of the  - -  - 
1972). Transuranium Elements f o r  Man. Health Phys. 22, 

M. R. Raju. Phys ica l  and B io log ica l  Aspects 943-552 (1972). 

C. R. Richmond and G. L. Voclz. eds.. Annual of High LET Radiations wi th  Reference t o  Eadio- 

Report of t h e  B io log ica l  and Hedical Research Croup therapy* report 

(H-4) of t h e  LASL Health Div is ion ,  January through LA-SO4l-MS (September 1972). 

December 1971. Los Alamos S c i e n t i f i c  Laboratory Manuscripts Submitted 

report LA-492EPR (1972). 

Mor ta l i ty  D i s t r i b u t i o n s  of Mice with and without 

X-Ray Exposure t o  45 Genera t iom of Mole Progen- 

l t o r a .  

(1972). 

P. N. Dean, Egtimation of Chest Wall Thickness 
i n  Lung Counting f o r  Plutonium. Health Phys. ( i n  

press ) .  

J. P. Spald ing  and M .  R. Brooks, Longevity and 

S. W. Jordan. P. N. Dean, and J .  Ahlquis t ,  
Proc. Soc. Exp. Biol. Med. z, 15-18 Early U l t r a s t r u c t u r a l  E f f e c t s  of Ion iz ing  Radla- 

t i on .  J. Lab. Inves t .  ( i n  p r e s s ) .  
J. F. Spaldfng and M. R. Brooks, Comparative 

BIOPHYS ICs SECTION 

Pub l i c a  t i o n s  

L i t t e r  and Reproduction C h a r a c t e r i s t i c s  of Mouse 

Populations wi th  X-Ray Exposure, Inc lud ins  4s Ccn- 

e r a t i o n s  of Male Progeni tors .  

lkd .  141, 445-447 (1972). 

Proc. SOC. Exp. Bio l .  

A.  Bransting and P. F. Mullaney, Do I n t e r n a l  
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~ c t d l r  o f  Wmnnlian CeUa Inf luence  The i r  List 
S u t t e r t n g  Pa t t e rns?  &: Abatractr of t h e  16th  
&rul k i e t i n g  of t h e  Biophysical Sociaty,. Torooto, 

Ontario,  Canada (February 24-27, 1972) 2, 14k 
(1972), A b r t r r c t  No. SIPH-AI. 

Light  Sca t t e r ing :  A P a s l b l e  Hcthod of -1i.o 
Cell I d e n t l f i u t l o a .  J. Coll, I n t e r f a c e  Sd. 2, 
492-496 (1972). 

A. Drunating Eod P. PI h l l m e y ,  D i f f e r m t i d  

A. B M s t i n p  m d  P. P. I k l l r p c y ,  A Light- 

S c a t t e r i n g  Photometer Oaing Photographic mb. 
Rev. Sa. I n s t r .  43, U14-I519 (1972). 

i n g  from Coated Spheres: A Model f o r  B i o l o g i c d  

A. B r m r t i n g  and P. P. Uullancy, Light  S a t t e -  

C c l l r .  Appl. Optic. l l s  675-680 (1972). 
A. Bnmst ing ,  Light  S u t t e r l n g  from Mmm1i.a 

Ph.D. Thes is ,  Department of Physics . ad  Cells. 
A.tronoIIv, Univers i ty  of I n  Mexlco, Albuquerque, 

Neu Mexico. 
LAW-72-974 (June 197?), 

L igh t  S c a t t e r i n g  from Coated Spheres. 
S c i e n t i f i c  Laboratory r epor t  LA-5032 (November 

1972). 

Lo8 Almos  S c i r n t i f i c  Laboratory r epor t  

A. Brunoting, Computer Analysis of D i f f e r e n t i a l  

L w  Alamos 

L. S. C r a m  and J .  C. Hensley, Flow Xicrofluo- 

roue t ry  f o r  Fluorescent Antibody-Antigen Studies .  - In :  Abs t r ac t s  of t h e  16th  Annual Meeting of t h e  
Biophysical Society.  Toronto, Ontar io ,  Canada 

(February 24-27, 1972) l2, 145a (19721, Abstract  

No. S a - A U .  

D. W. Holm, L. S. Cram, .nd R .  D. Hiebrrt, 
Ins t rumenta l  Fac tors  Inf luenc ing  Resolution i n  

Flw Micro f luo rowt ry .  &: Abst rac ts  of t h e  16th 

A n n u l  Meeting of t h e  Biophysical Soc ie ty ,  Toronto, 
Ontar io ,  Canada (February 26-27, 1972) 2, 141s 

(1972). Abs t rac t  No. SaPH-Al2. 
J. A. Steinkamp, U. J .  Pulvyler ,  and J. R. 

Cou l t e r ,  A New Ihr l t i sensor  Cell Analysis urd Sor t ing  

System. k: Abs t rac t r  of t h e  16th  A n n u l  Fleeting 

of t h e  Biophysical Soc ie ty ,  Toronto, Ontar io ,  

Canada (February 24-27, 1972) 2, 8a (1972), Ab- 

stract No. FPM-Ab. 

J. A. Steinltamp, M, J. F d v y l e r ,  .ab kf. A. Van 
Dill., A High-speed Elec t ro-Opt ica l  Cell  Analysis 

and Sor t ing  System. &: 6 th  Albuquerque Sec t ion  

Ins tnrmenta t ion  Symposium, Appl ica t ions  of O p t i c d  

E lec t ron ic s  i n  Ins t rumenta t ion .  Instrument Socie ty  

of America, Albuquerque, N e w  Mexico ( A p r i l  24-25, 

1972), Abstract KO. 3.  Session 111. 

132 

J ,  A. Stelnkamp, H. A. 0- Dill., urd A. P-ro, 

PtOCeding8 of t h e  25th Annual C o n f a r e n u  on 
I d e n t i f l u t i o n  and Sorting of  Human Leukocyter. 

In: 
&gine r r ing  in Uedicine m d  Biologg 1972, Pol. 
(19721, p. 82 ,  Abs t rac t  190. 12.6. 

of t h e  F1uorescent Feulgen Reaction t o  Cella in Sus- 
penrioa f o r  F l w  ntcrofluorometry.  

- .  

T. t. T r u j f l l o  urd W. A. V.a Dill., Adaptation 

Acta Cytol.  l6, 
26-30 (1972). 

.H. A. Van Dill . ,  C e l l  Analysis and Sorting by 

nigh-Speed P l w  Method.. &: Abs t rac t8  of t h e  16th 
Annual ELeting of  t h e  B i o p h y s i c d  

on Diophy8ics of C a l l  Separa t ion ,  

Canada (February 24-27, 1972) l2, 
stract no. YPM-Al. 

Hanuscripts Submitted 

L. S. Cram and A. Brunsting, 

Soc ie ty ,  Symposium 

Toronto, Ontar io ,  

7. (1972). Ab- 

Fluorescence and 

Light  S c a t t e r i n g  Meuurrrrcnts on Hog Cholera- 

i n fec t ed  PK-15 Cells. Exp. Cell Res. ( i n  p re s s ) .  

D. M. Holm and L. S. Cram, An Improved Plov 
Mic ro f luo romta r  f o r  Rapid Measurements of C e l l  

Fluorescence. Exp. Cell  Res. (submitted).  

8 .  0 .  Kelley,  T. I.  Baker, 11. A. Crissmn, and 

C. S. A. Henderson, U l t r a s t r u c t u r e  and Growth of 

Human Limb Hesenchyme (Wj) I n  Vitro. Anat. Record 

(submitted).  
A. L. Kisch, R. 0. Kel ley ,  H. A. Crissman, and 

L. L. P w t o n ,  DMSO Induced Reversion of Severa l  

Fea tures  of Polyoma Transformed BHK-21 Cells: 

t e r a t i o n s  i n  C r w t h  and Morphology. 

(submitted) . 
P. F. Ihrllaney and W. T. West, A Dual-Parameter 

Microfluoromcter for Rapid C a l l  Analysis. Rev. S c i .  

I n s t r .  (submitted).  

J. A. Steinkamp, M. A. Van Dilla, and H. J. 

A l -  

J. Cell  Biol. 

h l v y l e r ,  C e l l  Analyrfa and Sor t ing :  
parameter C e l l  Sor te r .  S c i m c e  (aubmittcd).  

J .  A. Steinkamp, A. Ramcro, and M. A. V a n  

D i l l . ,  Multiparameter 'ccll Sor t ing :  I d e n t i f i c a t i o n  

of 

Acta Cytol.  (in press ) .  

A New Multi- 

Leukocytes by Acr id ine  Orange Fluorescence. 

ISOTOPE APPLICATIONS SECTION 

Publ ica t ions  

C. 3. Crega, S a ' A p p l i c a t i o n e  of 13C NMT( t o  
Bio logica l  Problems. LE: Proceedings of Seminar 
on t h e  Use of S tab le  I so topes  i n  C l i n i c a l  Pharwcol -  

ogy, University of Chicago, Koveaber 10-11, 1971 



(P. D. Kle in  and L. J. Roth, ede.). 

Energy C d r s i w .  mp&t  coNp-7uL25 (August l972),  

U. S. A t d c  

pp. 175-181. 

C. T. G n g g ,  Some h p e c t .  of t h e  Energy kkt- 

abolisr of Uama1i.n C e l l s .  p: Grwth, N u t r i t i o n  

and Metabolism in C e l l a  in C u l t u r e ,  Vol. 1 (G. Both- 

b l a t  .nd  V. C r i r t o f a l o ,  e&.), AcadenrCc P res s ,  lev 
York (19721, pp. 83-136. 

V. E. K o l h  m d  C. T. G n g g ,  Prepa ra t ion  of 

Carbon-13 Labeled Sugars by Photosyutheais.  

Abs t rac t  No. 62. 

E: 
J .  Cofor8do-Wydng Acad. S c i .  VII(2-3) , 20 (1972), 

D. C. O t t ,  Organic Synthesis and Biosynthesis.  

- In:  Proceedings of Seminar 021 t h e  Use of Stab le  
I so topes  i n  C l i n i c a l  Pharmacology. Univers i ty  of 

Chicago, November 10-11. 1971 (P. D. Klein  and L. J. 

Roth, cdr.) .  U. S. Atomic Energy Conmission repor t  

CONP-7111u (August 1972) pp. 15-32. 

D. C. O t t ,  "Heavy" nice. Lab World (January 
1972). p. 72. 

D. G. O t t ,  V. N. Kerr, and T. W. Whaley, Syn- 

thesis with Stab le  I so topes .  5: Abstracts of t he  

F i r s t  Rocky Mountain Regional Meeting of t h e  Amer- 

i c a n  Chemical Soc ie ty ,  Co1orado S t a t e  Univers i ty ,  

Fort  Co l l in s ,  Colorado (June 30-July 1, 19721, 

p. 34, Abs t rac t  No. 11. 

C. E. Strouse ,  V. E. Kol.lpm, and N. A. Hat- 

v l y o f f ,  Carbon-13 N M l  Spec t r a  of C8rbon-13 Enriched 

Chlorophyll. a and b. Biochm. Biophys. Res. 
C-4 46, 328-332 (1972). 

T. V. yhr l ey  m d D .  C. O t t ,  Simple Polyimotopic 

Iblecuh6. &: Abstract. of t h e  l i r r t  Rocky 
U m m t d n  Regional Meting o f  t h e  Ameticur Chemical 

Soc ie ty ,  Colorado S t a t e  Universicp, Fort Colli lv,  
Color8do (Jue W-JUly 1, 1972), p. 3 4 ,  Abstract 
lo. IZ. 

b u u s c r i p t r  Submitted 

V! II. K O U P U ~ ,  J. L. Mainers, J .  Y. Hutson, 
T. U. Vbalsy, 0 .  C. O t t ,  and C. T. Grrgg, Large- 

Sca le  Photosynthe t ic  R o d u c t i o n  of Carbon-13 

Labeled Sugars: The Tobacco Leaf System. Biochem. 

Biophya. Res. C o m a .  (submitted).  
N. A. M t v i y o f f  and B. F, Burnham, Carbon-13 

HHR Spectroscopy o f l e t r a p y r r o l e s .  Ann. N. Y.  

A u d .  Sci .  ( i n  p rees ) .  

R. T. Eakin, L. 0. Morgan, C. T. Cregg, and 

N. A. b t w i y o f f .  Carbon-13 Nuclear Hagnetic Res- 
onance Spectroscopy of Living  Cell8 and Thei r  Met- 

abolism of a Specifically Labeled 13C Subs t r a t e .  

FEBS Le t t e ra  (Submitted). 
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CELLULAR RADIOBIOLOCP SECTION 

B. J. Barnhart and S. 8. Cox ,  R c p l i u t i o n  m d  

S i r i n g  of Bacteriophage DNA: kkkmbran thsoc i . t d  

Functionr in Haemophilus inf luent - ,  p resented  at 
t h e  72nd Annual Xeeting of t h e  b r i c u r  Society f o r  

Microbiology , Phi l ade lph ia ,  Pennsylvania (Apr i l  23- 
28, 1972). 

B. J.  Barnhart  and S. H .  Cox, Prophage Excision 

in Haemophilus in f luenzae ,  p resented  a t  t h e  Annual 

Regional Meeting of t h e  Southwest T r i -S ta t e  Branch 

of t h e  American Socie ty  f o r  Microbiology, E l  Paso, 

Texas (October 13-14, 1972). 

L. L. Deaven, A C l a s s i c a l  and a Xodem Approach 

t o  Chromosome S t r u c t u r a l  Analys is ,  p resented  a t  t h e  

Department of Biophysics,  Northern Hichigan Univer- 

s i t y ,  I h r q u e t t e ,  Hichigan (February 15, 1972). 

Heteroploidy, presented  a t  t h e  Department of Bio- 

phys ics ,  Northern Hichigan Univers i ty ,  t larquette,  

Michigan (February 17, 1972). 

L. L. Deaven, The Paradox of  DKA Constancy in 

L. L. Deaven, The Paradox of DNA Constancy i n  

Heteroplo id  C e l l  Popula t ions ,  p resented  a t  t h e  

Department of Biology, U. D. Anderson Hospital and 

T u m r  I n s t i t u t e ,  Univers i ty  of  Texan, Houston, Texas 

( Ju ly  26, 1972). 

L. L. Deaven, Techniqueo f o r  Banding Chromo- 

somes with  Gieasa S t a i n ,  p resented  at t h e  Biomedical 

Div is ion ,  Lawrence L ivemore  Laboratory,  Univers i ty  

of C a l i f o r n i a ,  L ivemore ,  C a l i f o r n i a  (October 27, 

1972). 

L. L. Deaven and D. P. Pe te r sen ,  Are Chromo- 

somally Aneuploid C e l l s  Genet ica l ly  Aneuploid? 
presented  a t  t h e  12th  Annual Meeting of t h e  h e r -  

i c a n  Socie ty  f o r  Cell Biology, S t .  Louis, Hissour i  

(November 8-11, 1972). 

H. D. Enger and E. W. Campbell, Nascent 

b s senge r -L ike  RNA Xetabol i sn  i n  Chinese H-ter 
Ovary Cells Cul tured  a t  Elevated Temperature, pre- 

oented at t h e  28th Annual Southwest Regional Meeting 

of t h e  American Chemical Soc ie ty ,  Baton Rouge, 

Louisiana (December 6-8, 1972). 
'L. R. Curley, R. A. Ualtcrs, and R. A. Tobey, 

The Rela t iomhip  of His tone  Phosphorylation t o  t h e  

C e l l  Cycle, p resented  at t h e  l2th Annual M e t i n g  of 
t h e  Amcrican Socie ty  f o r  C e l l  Biology, St. Louis,  

Missouri  (Nwember 8-11, 1972). 

L. R. Curley, R. A. Waltero,  and R. A. Tobey, 

The Independeace of Histone Phosphorylation from DNA 

Synthes is ,  p resented  a t  t h e  28th Annual Southwest 

Regional Xeeting of t h e  American Chemical Socie ty ,  

Baion Rouge, Louis iana  (December 6-8, 1972). 
C. E. Hildebrand and R. A. Tobey, DNA-Mcmbrane 

Assoc ia t ions  i n  Cul tured  Chinese Hamster Cells, pre- 

sen ted  a t  t h e  Annual Xeeting of t h e  Biophysical 

Soc ie ty ,  Toronto, Canada (February 24-27, 1972). 

P. X. Kraemer, DNA Constancy in Heteroploidy, 

presented  a t  t h e  Univers i ty  of Colorado t led ica l  

Center ,  Denver, Colorado (Hay 30, 1972). 

P. H. Kraemer, S tud ie s  of t h e  Cel l  Sur face  

U t i l i z i n g  F l w  Xfcrof luoroae t ry ,  p resented  a t  a 
Drug Evaluation Branch proprarr, review, Na t iona l  

Cancer I n s t i t u t e ,  Bethesda, Xaryland ( A u p s t  10, 

19 72). 

P. H. Kraemer, 8. A. Crissman, and X. A. Van 

Dilla,  Flow U c r o f l u o r o w t r i c  (FXF) Stud ies  of 

P l an t  Lec t in  Binding t o  Cul tured  t l auml ian  Cells, 
presented  a t  the 12th  Annual Xeet ing  of  t h e  Amer- 

ican Socie ty  f o r  C e l l  Biology, S t .  Louis,  Missouri  

(November 8-11, 1972). 

D. P. Pe te r sen ,  P r e c l i n i c a l  Experiments i n  

Pion Radiobiology, presented  a t  t h e  Slrmmer Oncology 

Course sponsored by t h e  Edward Mallinckrodt I n s t l -  

t u t e  of Radiology, Washington Univers i ty  School of 

Medicine, S t .  Louis,  Missouri  (August 7 ,  1972). 

(Round Table Discussion) and C e l l - C y d e  Analysio 

and G r w t h  P rope r t i e s  of Chinese Hamster Cells, 

presented a t  t h e  Summer Oncology Course sponsored 

by t h e  Eduard M d l i n c k r o d t  I n s t i t u t e  of Radiology, 

Washington Univers i ty  School of Medicine, S t .  Louis, 

D. F. Pe t e r sen ,  C e l l  K ine t i ca  i n  Radiobiology 
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msouri (August 8, 1972). 
R. A. Tobey, D i f f e r e n t i a l  E f f e c t s  of Cytosine 

Arabinodde  and Sodim CaqJtotheckr 00 I n i t i a t i o n  

of  DNA S y n t h u i s ,  presented  at the Upjohn Company, 
Kalamazoo, Uichigan (February 25, 1972). 

Eamster Cella Revereibly Arres ted  in C1 in 1.0- 

l euc inc-Def ic ien t  bdirrpr, p resented  u t h e  Hcro- 
b l o l o g  Seminar S e r i e s  of the lSU/AEC P l a n t  &search 
Laboratory, HchigaU S t a t e  hiverrity, Eas t  b l n g ,  

Uichigan (PebNary 28, 1972). 

Chmotherapeut ic  Agentr OII W l i a n  C e l l  Traverse,  

p resented  a t  t h e  )P;U/AEC P l a n t  Research Laboratory, 

(February 29, 1972). 

R. A. Tobey, E f f e c t s  of S u b 4 p t i m r l  Quantities 
o f  I so l euc ine  upon M a c r o m l e c u k r  Synthenis  in 
Chinese Hunster Cells, presented  at t h e  23rd Annul 

Hceting of t h e  Tissue Cul ture  Assoc ia t ion ,  Symp- 

si- on Cell N u t r i t i o n  in Cul ture ,  Los Angeles, 

C a l i f o r n i a  (June 5-8, 1972). 

on thmnalia C e l l  DNA Repl ica t ion  U t i l i z i n g  Flow 

mcrof luormnet ry ,  p resented  a t  a Drug Evaluation 

Branch program reviev, Nat iona l  Cancer I n s t i t u t e ,  

Bethesda, Uaryland (August 10, 1972). 

-. P. A. Tobey, B l o c h e d c a l  P rope r t i e s  of Chineae 

1. 

R. A. Tobey, Detena ina t ion  of the E f f e c t s  of 

n i c h i m n  S t a t e  Univers i ty ,  E 8 S t  L a s i n g ,  mChig8n 

, 

R. A. Tobey, Deta i led  Analysis of Drug Ef fec t s  

R. A. Tobey, Use of F l w  Hicrofluorometry in 

Analysis of E f f e c t s  of Agents on Cel l -Cycle  Pro- 

gress ion ,  presented  a t  the  Thi rd  J o i n t  Working Con- 

fe rence  sponaored by the  Div is ion  of Cancer Treat- 
=n t ,  Nat iona l  Cancer I n s t i t u t e ,  Hunt Valley Inn, 
Uaryland (October 2-4, 1972). 

R. A. Tobey, 11. A. Crissmon, rad P. H. Kraemrr, 
A K?thod f o r  Canparing E f f e c t s  of D i f f e ren t  Syn- 

chroniz ing  P ro toco l s  oil Xamalian Cell-Cycle Tra- 

verse, presented  a t  t h e  lZth Annual Ueeting of t h e  

American Soc ie ty  f o r  C e l l  Biology, S t .  Louis, 

Uissour i  (November 8-11, 1972). 
R. A. V a l t e r a ,  E f f e c t s  of X-I r rad ia t ion  on DNA 

Precursor  Incorpora t ion  end DNA Rep l i ca t ion  in 
Chinese B.mster Cells, p re sen ted  at t h e  Biocheat 

istry Departnrnt.  Univers i ty  of New kscldco, A l b u -  

puerque, N c v  Uexlco (Uarch 16, 1972). 
8 

. R. A. Wilters, The Ef fec t  of X-Irradiation on 

DNA Precursor  Metabolism and DNA Repl ica t ion  in 
Chinese Hamster C e l l s ,  p resented  a t  Northern 

I l l i n o i o  Vn ive r s i ty ,  DeKalb, I l l i n o i s  (Hay 4. 1972) , 

h d  at t h e  Argorme t h ~ o m 1  Laboratory,  Argonne, 
Illinoir (ntp 5,  U72) .  

R. A. Walters, L. B. Qar ley ,  R. A. Tobey, 

X. 0 .  Eager, and B. L. R a t l i f f ,  E f f e c t s  Of X- 

I r r a d i a t i o n  on DNA P recu r so r  Hrtabolimm and DNA 

Repl ica t ion  in ChLneae Eamater Cells, preoa r t ed  at 
the 20th Annual bet- o f  the Radia t ion  Research 

Sodety , Por t land ,  Oregon ( M y  14-18, 1972) 

X. 0. Enger, m d  E. L. R a t l i f f ,  Effect. of X- 

I r r a d i a t i o n  00 DNA Precur so r  l 4 t a b o l i s a  urd DNA 
Repl ica t ion  in Chinese R w t e r  Cells,  p re sen ted  

at t h e  Rocky Uormtrin ikgioll.1 act ing of  t h e  

hriuo C h d o l  Soc ie ty ,  Colorado S t a t e  Uaiver- 

a i t p ,  For t  Collfxu, Colorado (June %-July 1, 

R. A. Waltea, L. R. Ourley, R. A. Tobcjr, 

19 72) . 
R. A. Walters, E. L. R a t l i f f ,  L. R. Curley, and 

H. D. Engcr, The E f f e c t s  of  X-I r rad ia t ion  on t h e  

Xetabolism of DNA from Chinese Hamster Ovary Cells,  
presented  at t h e  28th Annual Southwest Regional Meet- 
ing of t h e  American Chemical Soc ie ty ,  Baton Rouge, 

Louisiana (December 6-8, 1972). 

MJLECUIAR RADIOBIOLOGY SETION 

P. Byvoet, C. R. Shepherd, J. U. Hardin,  and 

B. J. Noland, T u r n w e r  of Labeled Hethyl and Acety l  

Groups in Histone F rac t ions  of  Cul tured  hmalian 
Cells, presented  a t  t h e  63rd Aanual Meeting of  t h e  

h r i c a n  Socie ty  of B io log ica l  C h d s t s ,  A t l a t i c  

C i t y ,  New J e r s t y  (April 10-14, 1972). 

. . - 

C. R. Shepherd, S t r u c t u r a l  Alterations of  His- 
tones ,  p resented  a t  t h e  Departrmnt of  Biochemistry, 

Univers i ty  of N e w  Mexico School o f  Uedicine,  Albu- 

querque, N N  Mexico (January 20, 1972). 

C. R. Shepherd, S t r u c t u r a l  A l t e r a t i o n s  i n  His- 
tones  of Synchronized Uumnalian Cells, presented  a t  
t h e  Departments of Psychia t ry  and Pharmacology, 

Lktiversity of C O l O r r d O  M d i c d  Center ,  Denver, 

Colorado (Uarch 1, 19721, and a t  t h e  Department of  
Holecular,  C e l l u l a r  *and Developmental Biology, 

Univers i ty  of Colorado, Boulder, Colorado (Hareh 2 ,  

19 72) . 
C. R. Shepherd. J .  H. Hardin,  B. J.  Noland, 

and P. Byvoet, Turnover of Uethyl,  Acety l ,  and 

Phosphoryl Croups in His tone  F rac t ions  of Cul tured  

bnmal i an  Cells, presented  a t  t h e  Rocky Mountain 

h g i o n 8 1  Meeting of t h e  American Chemical Socfe ty ,  
Colorado S t a t e  Univers i ty ,  Fort  Co l l in s ,  Colorado 

(June 30-July 1, 1972). 
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0. A. Spi th ,  A. U s  I(rrthr, m d  D. Le Y t l -  
U.aU, h i t i a t ion  Of h Vitro RNA SyntheBi8 v i t h  

Oligodeoryribonucleotid-, presented  at the 164th 

Xational h e t i n g  of the Arr i~n C h - 4  Society, 
New YO* C i t y ,  N e w  Y o A  (hgwt  27-September 1, 
19 72) . 

C. P. S t r n i s t e ,  A. H. llartinet, a d  D. A. 

S d t h ,  In vi t ro  S tud ie s  on t h e  Synthesi. of 
n u c l e i c  Acid Using Ionizing I r r a d f a t e d  RNA P o l p -  

erue,  presented  at t h e  Annual Meeting of  t h e  Bio- 
phys ics  Socie ty ,  T o r m t o ,  Canada (Febrrury 24-27, 

1972). 

C- P. S t r n i s t e ,  I n  vitro S tud ie s  ou t h e  Sgn- 

t h e s i s  of Ribonucleic Acid Using Ionizing I r r a d i a t e d  

RNA Polymerase, p resented  at S t .  01af College,  

Nor thf ie ld ,  Minnesota (March 23, 1972). 

8. F. S t r n i 8 t e  and D. A. Smlth, In v i t r o  

S tud ie s  on t h e  Synthesis of  Ribonucleic Ac i l  Using 
X-Irradiated RNA Polymerare, p resented  at t h e  

Rocky h n t a i n  Regional Meeting of t h e  American 

Chemical Soc ie ty ,  Colorado S t a t e  Univers i ty ,  Fort  
Co l l in s ,  Colorado (Jme %-July 1, 1972). 

BIOFWYSICS SECTION 

A. B n m s t i n g  and P. F. Mullaney, Do I n t e r n a l  

Derails of I&mmalirn Cells Inf luence  Thei r  Light 

S c a t t e r i n g  P a t t e r n s ?  presented  at the  Annual Meet- 

ing of t h e  Biophysical Soc ie ty ,  Toronto, Canada 

(February 24-27, 1972). 

L. S. Cram and J. C. Henslcy, F l w  Hicroflu- 

orometry fOT Fluorescent  Antibody-Antigen S tud ie s ,  

presented a t  t h e  Annual Meeting of t he  Biophysical 

Soc ie ty ,  Toronto,  Canada (February 24-27. 1972). 

L. S. C r a m  and ti. A. Crissman, DNA of Mamma- 
lian Cells: High-speed Flow Hicrospectrofluorom- 

et-, presented  at Cold Spr ing  Harbor Laboratory,  

Cold Spr ing  Harbor, New York ( Ju ly  11, 1972). 

H. A. Crissman, C e l l  P repa ra t ive  Considera- 

t i o n s  in t h e  General Operative Fea tures  of Flew 

Uicrofluoromctry,  p resented  at a Drug Evalur t ion  

Brrneh program r e v i u ,  Nationd Cmcer I n s t i t u t e ,  

Bethod., M V l U i d  (August 10, 1972). 

H. A. Crissman, P l w  Microfluoromctry: Prin- 

e i p l e r  and Appl ica t ions  f o r  C e l l  Biolow, presented  

4t the Univers i ty  of Nev Hcxico School of Medicine, 
Albuquerque, New Maxico (October 3 ,  1972). 

D. H. Holm, L. s. Cram, urd R. D. Hiebert. 

Xnstrumental Fac tors  In f luenc ing  Resolution i n  Flow 

Hicrofluorometry,  p resented  a t  t h e  Annual Weeting 

of the b iophys ica l  Society, Toronto ,  Canada (Peb- 

r ~ r ~  24-27. 1972). 
P, K. Borro, P b r . n u t e a  of V i w  I n f e c t i o n  8s 

Studied  by F l w  UicrofkrProactry,  p resented  at t h e  

b e t i n 8  an t h e  H o l e c u l u  Biology of SV&, PolyoM 

md Aden0 V f r w u  (August 16-19, 1972). and Rerpes 

Virum m e t i n g  (Aupurt 20-14, 1972). Cold Spr ing  

Bubor l abo ra to ry ,  Cold Spr i ag  Barbor, New York. 

t o  Cecer  D i . g o o 6 i s ,  p resented  at t h e  Na t iona l  

Cancer I n s t i t u t e ,  Bethcrrd., h r y h n d  (August 28, 

P. 1(. l o r a n ,  Rw Mcrof luormmtry  u Applied 

1972) 
P. P. Mullaney, X w - S p w d  C e l l  & d Y B i B  

Pasearch a t  t h e  LOB A W s  S c i e n t i f i c  Laboratory,  

prencnted a t  t h e  Canad- AEC/Biophysiul Soc ie ty  

m e t i n g ,  N u c l u r  Rasearch EBt8b1i8)uPants AEC of  

Canada, Pinawa (Winnipeg), C8n8da (Jururry 13-14, 

1972). 
' C. R. Richmond, Non-Uniform Dose D i s t r i b u t i o n  
in Tissues:  Fact and Fmcy, p r e s m t e d  at t h e  F a l l  

Meeting of t h e  Rio Crandc Chapter of t h e  Health 

Physics Socie ty ,  Albuquerque, Ncv HCXico (Novub 

ber  3, 1972). 

J. A. S te inkrnp ,  M. J. XQlwyler, and J. A. 

Coul te r ,  A N e w  Multisensor C e l l  Analysis and S o r t i n g  

System, presented  a t  t h e  Annual Meeting of t h e  Bio- 
phys ica l  Soc ie ty ,  Toronto, Canada (February 24-27, 

1972). 
J. A .  S t e i n k q ,  H. J. Fuluyler ,  and M. A. Van 

D i l l a ,  A High-Speed Elec t ro-Opt ica l  C e l l  Analysis 

and Sor t ing  System, presented  at t h e  Conference on 
AppliCatiOM of Op t i ca l  E lec t ron ic s  in Instrumenta- 

t i o n  sponsored by t h e  Irretrunent Socie ty  of America 
and t h e  Univers i ty  of Aw Mexico, Albuquerque, N e w  
I4xico (Pkrch 30-31, 1972). 

I d e n t i f i c a t i o n  and Sor t ing  of Human Leukocytes, pre- 

sen ted  a t  t h e  25th Annrvl Conference on Engineering 

i n  Uedicine and Biology, Bal Harbour, F lo r ida  (Octo- 

b e r  1-5, 1972). 

High-speed F l w  Methods, p resented  at  t h e  Annual 

l leeting of the B i o p h y o h l  Society, Symposium on 
Biophysics of C e l l  Separa t ion ,  Toronto,  Canada 

(February 24-27 , 1972). 

Program a t  LO8 fiamos, presented  4 t  t h e  Conference 

on Quan t i t a t ive  Fluorescence Techniques as Applied 

J. A. S t e i n k o q ,  H. A. Van D i l l a ,  and A. Rumero, 

W. A. Van Dill . ,  Cell Analysis a d  S o r t i n g  by 

H. A. Van Dilla,  The Cell Sensing and Analysis 
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h 

i n  C e l l  Biology, Seattle, Washington (Uarch 27-31, 

1972). 
U. A. Van D i l l a ,  C e l l  Analysin m d  C e l l  Sort- 

ing, presented  at the  Biophysics & p a r t e n t ,  Univer- 

s i t y  of C a l i f o r n i a ,  Berkeley, Ca l i fo rn ia  (Hay 2,  

l972). 
U. A. Van Di l l . ,  Flow System C e l l  Analys i r ,  

p resented  at t h e  1972 Engincerlng Foundation Con- 

fe rence  on "Engineering i n  Uedicine - Autonutic 

Cytology," S u t o m  River, Vermont (&gust 7-U, 
1972). 

U. A. Van Dilla and J .  A. Steinkamp, Elec- 
t r o n i c  C e l l  So r t ing  m d  AppliC8tiOnS t o  C e l l  B i o l -  

ogy and E x f o l i a t i v e  Cytology, presented  at t h e  

Symposirm, on Recent Developments i n  Research Heth- 

ods and Ins t rumenta t ion  sponsored by the  Nat iona l  

Heart and Lung I n s t i t u t e ,  National I n s t i t u t e s  of  

Health, Bethesda, Maryland (November 30, 1972). 

MAFQlALIAN RADIOBIOLOCY SECTION 

J. F. Spalding, L. M. Holland, and J. R. P r ine ,  

Comparative B io log ica l  E f fec t s  of  P ro t r ac t ed  Cobalt- 

60 I r r a d i a t i o n  i n  Beagles and Monkeys, p resented  a t  
t h e  20th Annual Meeting of t he  Radiation Research 

Socie ty ,  Por t land ,  Oregon (Hay 14-18, 1972). 

PHYSICAL RADIOBIOLOGY SECTION 

P. N. Dean, Estimation of Chest Wall Thickness 

i n  Lung Counting f o r  Plutonium, presented  a t  the  

Annual &e t Ing  of t he  Health Physics Socie ty .  L a s  

Vegas, Nevada (June 12-16, 1972). 

P. N.  Dean, V i sua l i za t ion  of Pion Stopping 

Region, presented a t  t h e  Nat iona l  Yeeting on 

Appl ica t ions  of O p t i c a l  In s tNment s  i n  Medicine, 

Chicago, I l l i n o i s  (November 29-30, 1972). 

M. R .  Raiu, Phys ica l  and Radiobiological 

Aspects of  n- Mesons with Reference t o  Radio- 

therapy, presented a t  the  M. D. Anderson Hospi ta l  

and Tumor I n s t i t u t e ,  Univers i ty  of Texas, Houston, 
Texas (July 6, 1972). 

Physic81 and Radiobio logica l  Aspects, p resented  a t  
t h e  Sloan Ke t t e r ing  I n s t i t u t e ,  N e w  York Ci ty ,  NW 

York (July 24, 1972). 

M. R. Raju, Negative Pions i n  Radiotherapy: 

M. R .  Raju, Negative P i o n s  i n  Rd io the rapy ,  

presented a t  the  Third InteITMtiOMl Conference on 

kkdi  ca l  Physics and Medical Engineering, G t e b o r g ,  

Swden (July 30-August 4, 1972). 

M. R. Raju, Phys ica l  and Radiobiological 

k p e c t r  of Heavy Charged P a r t i c l e s  and Thei r  Poten- 

t i a l  Use i n  Radiotherapy, p re ren ted  at 8 Refresher 

Courae of t h e  R a d i o l o g i d  Soc ie ty  o f  North her -  
IC., ChicLgo, I l l i n o i s  (Noocllrber 29-30, 1972). 

C. Richman, S tudying  Pion  Beams f o r  Cancer 

Therapy, preaented  at t h e  Annual Ueetlng of t h e  New 

Uexlco Divia ion  of the  American Cancer Society,  

U u q u e r q u e ,  Ncw H c d c o  (September 9 ,  1972). 

K. L. Svin th  md P. N. Dean, I n t e r d i b r a t i o n  

f o r  Lw-Energy Photon klasurementr , presented  at 
t h e  Annual Heating of t h e  Health Physics Socie ty ,  

Llo Vegas, Nevada (June 12-16, 1972). 

ISMOPE APPLICATIONS SECTION 

C. T. Cregg, Carbon Pathways: Clycolys i r  and 

Related F e m e n t a t l o M ,  presented  a t  the  Departmcnt 

of Microbiology, Un ive r s i ty  of New Mexico School of 

Uedicine, Albuquerque, New Mexico (October 13, 1972). 

C. T. CZeg&. Carbon Pathways: TCA, Clyoxylate 

Cycle, p resented  a t  t h e  Department of Microbiology, 

University of N e w  Mexico School of  Medicine, Albu- 

querque, New Mexico (October 18, 1972). 

C .  T. Greg&, E lec t ron  Transpor t ,  p resented  a t  
t h e  Department of Microbiology, University of New 

Mexico School of Medicine, Albuquerque, New Mexico 

(October 20, 1972). 

V. H. Kollman a a d  C. T. Cregg, Prepara t ion  of 

Carbon-13 Labeled Sugars by Photosynthes is ,  pre- 

sen ted  at t h e  Annual Meeting of  t h e  Botanica l  Sci-  

ences Sec t ion ,  S o u t b e s t e r n  and Rocky Mountain 

Div is ion ,  American Assoc ia t ion  f o r  t h e  Advancement 

of Sc ience ,  and t h e  Colorado-Wyoming Academy of 

Science,  Colorado S t a t e  Univers i ty ,  For t  C o l l i n s ,  

Colorado (April  26-29, 1972). 
D. G. O t t .  S t a b l e  I so topes  urd t h e  Syn the t i c  

Chemist, p reren ted  8t t h e  Department of Chemistry, 

Univer r i ty  of New Mexico, Albuquerque, New Mexico 

(March 24, 1972). 

D. C. O t t ,  V.-R. Kerr,  and T. W .  Whaley, Syn- 
t h e s i s  wi th  S t a b l e  I so topes ,  p resented  at t h e  Rocky 

Uountafn Regional Xeet ing  of t h e  h r i c a n  Chemical 

Soc ie ty ,  Colorado S t a t e  Univers i ty ,  For t  Co l l in s ,  

Colorado (June %-July 1, 1972). 

D. C. O t t ,  Bi-dic.1 Appl ica t ions  of  S t a b l e  
I so topes  of  Carbon, Oxygen, and Nitrogen, presented 

at t h e  Laboratory o f  Nuclear Medicine, Univers i ty  

of C a l i f o r n i a ,  Los h g e l e s ,  C a l i f o r n i a  (December 1 2 ,  

19 72) . 
W. W. Shreeve, Lipogenesis from Carbon-14 
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k b c l e d  Carbohydrate8 in vivo in E t m ~ a a ,  pnrentcd 
8t the Iloiorraity of New kxlco  School of Hdicine, 
Albuquerque, New McLIEIco (April 28, 1972). 

Molecular, preaeated at the aoCky Hountrin Regional 

Meeting of the Amer lun  C h e d u l  Sociev,  Colorado 
Stat. Wiveraity, Fort C o w ,  Colorado (June 30- 

T. V. Whaler and 0.  6. O t t ,  Simple Polyiaotopic , July 1, l972). 
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EsW INTERESTS OF BIOIEDICAL RESEARCE CRDUP DIRECTIVE STAFF m E R S  

4 

E. C. Anderson, Pb.D. ,  Ooivenity of Chicago (1949) 

L l e a d c  s p r c t r o r n t r y  o f  cell popula t ion  

halp.18 of  c m  vwth a d  division dynaada  

d i 8 t r i b U t i O U 8  

by M t h e m r t i c d  and cclpputer mod& 

Blochendstry of nmalim cell l i f e  cycle 
Biological e f f e c t 8  of hot  p a r t i c l e s  

B. J. Barnhsrte Sc,D.. John6 Bopkins UnIver8ity 
(1962) 

Biochemistry of b a c t e r i a l  gene t i c  tranrfocmul- 

Lion 

Photobiology: Basterial responses t o  u l t r a -  

vlolet  l l g h t  m d  DNA r e p a i r  p rocesses  

L. S. Crm, Ph.D., Penneylvania S t a t e  Univers i ty  
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