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DELAYED LIGHT EMISSION IN GREEN PLANT MATERIAL: 
'TEMPERATURE DEPENDENCE AND QUANTUM YIELD 

A paper of this t i t le by Gordon Tollin, Ei j i  Fuj imor i ,  and M . .  Calvin 
i s  being prepared  for  publication in  the Proceedings of the Nationa1,Academy 
of. Sciences,  U.. S . ,  and being issued in preprint form a s  UCRL-8293, July 
1958. 

THE METABOLISM OF WATER BY CHLORELLA . 

V. Moses 
,A study i s  current ly being made of the incorporation of t r i t ia ted,  

water Ly Chlurella cells suspended in various media,  and under conditions 
of light and of dark.  This  work is par t  of a program to  study the path .of 
hydrogen in  photosynthesis. 

An ea r ly  program to use deuterated cel ls  t o  follow the path of 
hydrogen in photosynthesis was abandoned w en i t  was found that such cel ls  . . P showed distinct pathological charac ter i s t ics  and that the quantities required 
.for the detection apparatus (nuclear magnetic resonance) would involve the 
use of very  large amounts of ce l l  mater ia l ,  and would necessi ta te  the isolatiorl 
of intermediates  on a .large scale .  In addition, deuterium i.s a stable species ,  
and the techniques available .for following the path of carbon by making use of . 

the radioactivity iif C14 cannot be applied to  st*dies utilizing deuterium. 

There  remained the possibility of using t r i t ium to follow the path of 
hydrogen f rom radioactive water .  in cel ls  actively car ry ing  out photosynthesis. 
Many difficulties had to  be  overcome, not the least  of which w e r e  the very  
weak energy of the beta par t ic les  emitted by t r i t ium,  and the large dilution 
of the radioactive t r a c e r  by the re la t ive ly  enormous amounts of water  that a r e  
inevitably present  in any biological system. The energy of the .beta par t ic les  

. emitted 'by t r i t ium averages about 18 ke.v, a s  compared with about 150 kev 
for  those emitted by C14. This means that the penetrating power of the 
par t ic les  i s  very  much . less than of those f rom carbon, and their  ability t o  
pass  through paper arid affect photographic film i s  correspondingly diminished. 

1 
I,llcses, Holm-Hansen, 2nd Cz!vin, Biochim. et  Biophys. Acta - 23,  5 2  .(1358). 



Detection of the radioactive mater ia l s  ~ n ' p a ' ~ e r  chro t ia tograms be -  
comes  considerably m o r e  difficult for  this r.eason, and to  compensate in par t  
for  the weaker radiation, la rger  amounts of radioisotope have to  be used. In 
sys tems in which the cel ls  a r e  supplied with radioactive carbon dioxide, the 
sys tem can be so  a r ranged that the supply of unlabeled carbon dioxide to the 
cel ls  i s  reduced to  a minimum, keeping the specific activity of the added 
t r a c e r  high. This i s  not possible with water ;  the only possibility i s  to  use 
ce l l  suspensions much m o r e  concentrated.than those used for the carbon 
s tudies ,  in order  to  achieve a more  favorable substrate- to-cel l  ra t io .  This 
in turn  presented new difficulties ; a s  the ce l l  concentrati0n.i.n the suspension 
was increased ,  the optical density of the suspension rose  very  considerably 
and the amount of light passing through the suspension was correspondingly 
~-t.edi.~ced. 

. . 

Thc problem was finally solved iri two ways. ' The conventional 
"lollipops" were abandoned in favor of s m a l l  cylindrical vessels  with flat 
bottoms, of such a s i z e t h a t  1 rnl of liquid in them formed a layer on the 
17nttom 1 mm deep. The vesse ls  were  shaken for  the des i red  incubation per'iod 
over '  a ,bank  of-fluorescent lights and the ce l l  concentration was increased 
f rom the usual  value of a l0/o suspension (1 mE of wet-packed cells/100 m l  of 
.suspension) to  a concentration of 12 to 25%, The second modification f rom 
the carbon work was to  inc rease  the dose of labeled t r a c e r  added f rom about 
20 p ~ / m l  in the carb,on work to  a specific activity in the t r i t ium studies of 
1. C of t r i t ia ted water  pe r  ml .  In this way, some effort was made to  over-  
come the disadvantages of the very weak radiation. Owing to the health 
hazards  of working with such high specific activit ies of radiation, a l l  the 
oper.ations up to the stage of chromatography were  performed in gloved boxes,  
through which a rapid draf t  of a i r  was maintained'by a suction fan, and the 
whole sys tem was very  carefully monitored to  ensure  that no activity escaped 
:from the confines of the box and the venting sys tem.  A description of the 
apparatus  in which the actual  photosynthesis experiments were performed 
has been given e a r l i e r ,  together with a description of the eyperimental 
procedure.  

. .  After extraction of the cel ls  with ethanol, the extracts  were  four 
t imes  evapqrated to  dryne-ss and redissolved in ordinary water in order  to  
wash out any exchangeable t r i t ium present  in the compounds extracted f rom 
the ce l l s ,  .leaving the t r i t ium present. only in nonexchangeable positions. The 
f inal  residue was dissolved in water  and chromatographed in the usual  way, 
and the chromatograms were  exposed to  x - ray  film to find the locations of 
the radioactive ma te r i a l s .  The t r i t ia ted water was prepar-ed as descr ibed .  
'by I. M. Whittemore and R. L. Lehman. 

2 ' 
.V. Mo.ses., in c h e m i s t r y  Division Quar ter ly  Report,  UCRL-8141,- Dec. 

1957, p. 17. 
. . 

3 ~ .  M. whitternore and R. L. Lehman, synthesis and Storage of s m a l l  
Quantities of Tri t ia ted Water, UCRL-8056, Nov. 195.7,: . . - .- .. 



A necessary .pre l iminary  to  these studie,s was to ,establ ish that the 
flux of radiation.due t 0 . a  specific,.activity . 

> 
of 1 C of ' t r i t ium,per ,  m l  for,  3 ,minutes 

was not likely to  damage the ce l l s ,  or cause derangement of. their  photo- 
synthetic capabilities. The. radiation dosage for  3 min was about 760 rep.  
An experiment was performed in which equal aliquots of Chlorella cel ls  were  
allowed to  c a r r y  on photosynthesis in the presence of c 1 4 0 2  for  3 rnin in the . 

presence and absence -of .HTO. Chromatograms were  prepared .and exposed , . 

to x - r a y  film with a layer of Mylar placed between the paper and the f i lm.  
The My1a.r was sufficient to absorb the t r i t ium radiation but not to  affect very  
great ly  that f rom the c 1 4 .  A number of compounds f rom each sample was 
assayed for  radioactivity and the resu l t s  a r e  presented in Table I. These 
compounds normally contain 80 to  90% of the total  c 1 4  in cel ls  supplied with 
c 1402 for  3 min in the light. Apart  f i o m  the changes in glycolic acid and in 
glutamic acid and sucrose ,  no very  significant a l terat ion of the photosynthetic 
pattern resul ted f rom the presence of tritia-ted water .  

The substances incorporating.tri t ium f rom water when the cel ls  a r e  
suspended on phosphate buffer alone,, buffer plus ammonium chloride,  and .. 
buffer plus potassium ni t rate ,  a l l  in the light, and in phosphate buffer alone 
in the dark ,  a r e  shown in  Table 11. The identities .of a l l  these substances 
have been confirmed by s tandard techniques of elution, t reatment  with acid 
phosphatase where appropriate ,  and cochr.omatography with authentic m a r k e r s .  
Fur ther  kinetic studies a r e  in p rogress  to determine the sequence in which 
t r i t ium appears  .in the various substances.  

While cel ls  incorporate  c 1 4  f rom ~ ~ ~ 0 ; ~  during photosynthesis for  
shor t  periods mainly into sugar  phosphates and into sucrose  (these two groups , . 

of subs'tances frequently account , ' a f te r  3 min, for  75 to  85% of the total  
labeled substances 'present  in the ethanol and wa te r ' ex t r ac t s  of the ce l l s ) ,  

. t r i t ium i s  found in 3 min largely in glutamic, aspar t ic , .  and malic acids  and 
alanine, which together contain about 63% of the so!uble t r i t ium fixed .(ex- 

'cluding glycolic ac id- -see  below), and none appears  in sucrose.  Most 
significant i s  the amount appearing in' glycolic acid.  This substance i s  quite 
volatile, yet even .after the cell. extract  has been evaporated to  dryness  four  
t imes ,  glycolic acid remains  the most  radioactive spot on the chromatogram. 
It s eems  probable that the overwhelmingly grea tes t  quantity of t r a c e r  i s  
incorporated into glycolic acid. The significance of this  i s  not yet known. 
Owing to  i t s  volatile n a t u r e ,  i t  was not possible to  confirm the identity of the 
glycolic acid spot by cochromatography. However, the fact  that i t  i s  volatile, 

# together with i t s  chromatographic behavior,  leaves ve ry  little doubt a s  to  i t s  
nature.  . Although la rger  amounts of t r i t ium a r e  incorporated in the light than 
in the dark ,  nevertheless  considerable amounts a r e  a l so  incorporated in  the 
~ b s e n c e  of light (far g rea te r ,  proportionately, than with car'bon dioxide), and 
the identities of the compounds in which t r i t ium appears  in the light and the 
dark  a r e  s imi l a r .  
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Table  I , '  

- 

Ef fec t  of high- speci f ic  -ac t iv i ty  t r i t i a t ed  wa t e r  on the  incorpora t ion  of . 

labeled c a r b o n  dioxide in to  s e v e r a l  subs tances  
. . 

C e l l s  exposed fo r  3 m i n  t o  N ~ H C ~ ~ O ~  (40 p ~ / m l )  with o r  without HTO ( 1 ~ / m l )  
. V a l u e s - a r e  counts /min f o r  the compounds in  a s t anda rd  al iquot.  

Subs t ra te  ; and  
dose  of radia t ion r ece ived  p e r  3 m i n  

Sugar  diphosphate s 

Sugar  monophosphates 

0.24 r e p  

31,350 

189,050 

14 C O2 plus I-IT0 

760 r e p  

Phosphoglycer ic  a c id  105,450 84,550 

Uridinediphosphvglucuse .: 26,100 2 1,400 

Aspa r t i c  a c id  13,525 7,700 

Glu tamic  ac id  

Alanine 

Malic a c i d  25,650 21,200 

IFumaric a c id  

G 1 y c  olic a c id  

Suc rose  9 ,7S  0 4,050 
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, Table  I1 

. I nco rpo ra t i on  bf t r j t i a t e d  wate,r in the  light a n d  in . the  d a r k ;  effect  of . :  
p r e s e n c e  of ammonium chlor ide  and po tass ium n i t r a t e  on the  uptake 
of t r i t i a t ed  .water ,  in  the  light 

. . 
C'e'lls 'exposed fo r '  3 m i n  t'o 1 C of HTO, in the light o r  
d.ark, a n d i n t h e  med ia  s t a ted .  Values a r e  e c & m p o u n d s i n  . - 
a s tandard  al iquot.  

Medium ; . light conditions 

Phosphate  Phosphate  phospha te  ' Phosphate  
t NH4Cl t K N 0 3 '  ,, . . . 

Light Light Light D a r k  

cpm O/o - cpm 2 -- cpm 70 - cpm - 7'0 
Sugar  d iphosphates  792 3.3, 582 2 .4  415 l o b  U 0.0 

~ u ~ a r m o n o ~ h o s ~ h a t e s  3866 16.1 3101 12.6 3095 12.3. 1401 11.1 

Phosphoglycer ic  and 
phosphoglycolic a c id s  1281 5 .4  1250 5.1 . I 3 4 6  5 .3  1065 8.4 

Uridinediphospho - 
glucose  629 , 2.6 303 1.2 919 3.7 367 2 .9  

F u m a r a t e  372 1.6 460 1 .9  224 0 .9  (b) 0.0 

Ma late 441'2' 18.4 5478 22.2 1953 7.8 454 3.6 

C i t r a t e  164 0.7 ,380' 1.5 288 1.1 0 0.0 

Aspar ta te  1951 8 1 ' 2317 9.4 3722 14.8 3347 24.5 

G lu tamate  7781 32.5 7353 29 .8  7 8 9 9 ,  31 .4  4194 33.2 

Se r ine plus lycine 90'0 3 .8  653  2.6 , 5 3 7  2.1 138 1.1 
I 

Alanine . 987 4.1 1753 7.1 3056 1 2 . 1 '  1518 12.0 

G lutamine 
. . 

, 187 0.8 328 1.3 817 3.2 . 0 0.0 

Unkn0.wn.s. ' 48 0.2 316 . 1.3  441 '1.7 0 ' 0.0 

d To ta l s  2 3 , 9 4 i  2 4 , 6 4 5  25 , .178 
. . 1 2 , 6 4 6  

a .  c identity not conf i rmed  b y  cochromato&aphy Mainly ser j .ne  

b T r a c e  of blackening on f i lm d ~ x c  luding glycolic a c id  



T h e  in te rpre ta t ion  of t he se  r e s u l t s  i s  l ikely  t o  be. a'c.om.plicat'ed 'ma t te r .  
While the t r i t i um m a y  b e  incorpora ted  b y  genuine b iochemica l  reduction's in to  
m a n y  compounds under  invest igat ion,  i t  i s  a l s o  poss ible  that  t r i t i um m a y  

. or ig ina l ly  en t e r  s o m e  subs tances  b y  nonspecific exchange r eac t i ons ,  and,  
subsequent ly ,  be  r e  located into nonexchangeable posi t ions .  F u r t h e r ,  . t r i t ium,  
i nco rpo ra t ed  b y  a genuine b iochemica l  reduct ion into, a nonexchangeable 
posi t ion,  m a y  l a t e r  b e  r emoved  t o  a n  exchangeable one and hence be  lost  in  
the r epea t ed  evapora t ions .  If the  l a t t e r  a r e  not pe r fo rmed ,  i t  i s  probable  that  
e v e r y  compound on the  paper  that  contains exchangeable hydrogen a t o m s  wi l l  
show radioact iv i ty ,  whether  o r  not i t  .had played any  p a r t  i n  the' metabol ic  
r e ac t i ons  under  examinat ion.  F ina l ly ,  wa t e r  m a y  be  t aken  up without f i r s t  
being spl i t  in to  hydrogen and oxygen, a s  in  the r e ac t i ons  producing m a l i c  f r o m  
f u m a r i c  a c i d s ,  o r  i soc i t r i c  f r o m  aconi t ic  a c id s .  

In spi te  of a l l  t h e se  diff icult ies,  i t  s e e m s  l ikely that  the use  of 
t r i t i u m  wi l l  eventual ly  enable  u s  t o  l e a r n  something of the  path  of hydrogen,  
al though not with the  e a s e  o r  comple teness  with which our  s tudies  with C 14 

have taught  u s  the  path  of c a rbon  i n  photosynthes is .  

THE NONPHOTOSYNTHETIC FIXATION OF CARBON DIOXIDE BY 
THREE MICROORGANISMS 

V.  Moses  and  Osmund Holm-Hansen 

A s tudy is c u r r e n t l y  being made  of the nonphotosynthetic .pathways of 
c a r b o n  dioxide f ixation in t h r e e  m i c r o o r g a n i s m s ,  two a lgae  and a fungus.  The 
a lgae ,  w e r e  incubated f o r  va r ious  per iods  with labeled sodium bicarbonate  in 
t:otal d a r k n e s s ,  and w e r e  ki l led  and ex t r ac t ed  a t  the  end of the  d e s i r e d  incuba-  
t ion pe r i ods  with boil ing e thanol .  The  e x t r a c t s  w e r e  c h r  omatographed by  
us ing s t anda rd  . p rocedu re s ,  and t he  var ious  labeled compounds ' 'were a s s ayed  
f o r  ac t iv i ty .  As the  fungus is incapable of photosynthes is ,  no p recau t ions  t o  
exclude light w e r e  n e c e s s a r y ,  but o therwise  the techniques  used w e r e  the  
s a m e  a s  those  fo r  the a lgae .  

The two a lgae  studied w e r e  Chlore l l a  ~ v r e n o i d o s a  and  Nostoc 
Q & 2 

m u s c o r u m .  The ce l l s  w e r e  suspended i n  d is t i l led  wa t e r  a t  a ce l lu la r  concen-  
t r a t i on  of 2 t o  3'10~ The ce l l s  w e r e  shaken in  the  d a r k  i n  air f o r  30 min ,  follow - 
ing which per iod  labeled b ica rbona te  was  added and the  ce l l s  w e r e  incubated 
f o r  19, 32, 46, 60,  121, 183, and.1800 s e c  in the  c a s e  of Chlore l l a ,  and f o r  
3 ,  10, 30, 60 ,  1'80, and 1800 s e c  with Nostoc.  Tab les  111 and  IV show the 
pa t t e rn s  of f ixat  ion of NaHC1403 in to  t he se  two o rgan i sms  i n  the  d a r k .  

The  fungus Zygorrhynchus  m o e l l e r i  was  grown in. a glucose-ammonium b 

ch lor ide  - m i n e r a l  s a l t s  medium fo r  about 18 t o  20 h r ,  and  a f t e r  ha rves t ing  ant1 
washing,  it was  suspended in  d is t i l led  wa t e r  a t  a ce l l  concentra t ion of 50/0.- Tke 
c e l l s  w e r e  incubated with N ~ H C ~ ~ Q ~  for  pe r i ods  o f 4 ,  11, 15, 30, 45, 60 ,  75 ,  
90, 105, 135, 150 165, and  180 s e c ,  and in  a s epa ra t e  expe r imen t  f o r  1800 s ec .  
The pa t t e rn s  of ~ 1 4 0 ~  uptake f o r  s o m e  of t he se  incubation per iods  a r e  shown 
in  Table  V. A f u r t h e r  exper iment  was  pe r fo rmed  in which the  fungal  c e l l s  
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. . . . . . . . . .  - - .  Tabla i11.. . . - 
14 Fixatidii, df C . .02. in the 'dark-by  ~.hl'orel.La pyi-enoidosa. 

. . 

14 
The vaiues given a r e  'expae'ssed a s .  the per'=knt- of the totla1 soluble -C . .appear - 

. . ) .  . .  ing in each compound. 
... . . .  . . . . .  -- 

., . . . . .  I-nc'ubation period ( sec )  

Tr iose  phosphates b 

Phosphoglyceric.acid . 

Phosphoenol- 
pyruvic acid 

Uridine -phosphate - 
sugarb 

. b Glucose 

Fumara te  

Succinate 

Malate . 

Citrate  . . .  l 0 . i  6 .5  7.0 3.8 4.6'  3.9 1.6 

Aspartate 

G lutamate 

Alanine 21.9 18.6 14.5. 14.6 11.0 10.4 2.0 
. . .  . . - .  

Serine plus glycine . l .  1, 

Unknowns . 8.1 

. . .  . . .  . . . . . . . .  

Total actiirity fixed 
(dpm/lOO y l  cel ls  
x 10-5 ) ;  . . 0.089. 0.-245 0.37.7 Oi5.96 0;.822 : 1168 12.10 

a 
Separate experiment 

D 
Identity not confirmed - 



Table  IV 

F ixa t ion  of c 1 4 0 2  in the  d a r k  b y  Nostoc m u s c o r u m  

The  va lues  given a r e  e x p r e s s e d  a s  the  pe r cen t  of the, to ta l  s o l u b l e , ~ ~ ~  a p p e a r -  
ing i n  e a c h  compound. . . 

Incubation per iod  ( s e c )  

3 10 30 50 ' 180 1800 
- - - - - 

Sugar  monophosphates  1.5 

Pen to se  1 ; 6  

Phosphoglycer ic  a c id  1.8 

Phosphoenolpyruvic ac id  

Suc rose  

Malate  

C i t r a t c  4 .8  1.8 

Aspa r t a t e  100.0 100.0 100.0 75.2 80.2 

Glu tamate  4.6 

A lailine 

G lu tamine 

T h r  e onine 

Ci t ru l . I . ine  

Unknowns 

-- 

*a 
Identi ty not conf i rmed .  
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Table  V 

Fixat ion of c 1 4 0 2  byZygor rhynchus  moe l l e r i  
. . . . 

The values  given a r e  exp re s sed  a s  the percen t  of the  to ta l  soluble c14 a p p e a r -  
ing in  each  compound, 

Incubation per iod  ( s e c )  

4 - i i -- 30 - 60 - 105 - 180 - 1800' 

Sugar monophosphate s b 1.2 
Phosphoglycer ic  ac id  . 0.8  
Phosphoenolpyruvic acid  0.6 0.2 0.02 0.3 
~ h o s ~ h o ~ l u c o n i c  ac id  10.9 11.1 6 .5  1 .1  0.4 0.2 0.1 
Uridine t r iphosphate  0.4 1.1 1 . O  
Uridinediphosphoribose 0.7 2 .O 5.3 4.0 1 .3  
'Ur id ined iphnsphne ; l~~c .n se  0.1 1 . 2  1 . 8  1.3 
ATP(p r  obably plus  UDP) 0.3 2.7 4 .4  2.8 .1 . O  
Combined nuc le oside 

diphosphatesC 0 .5  0.7 3 .1  4 .9  21.5 
Unidentified nuc leoside 

monophosphate 0 .8  1 . O  0.8 
Mal tose  0 .8  0.5 0 .3  0.2 
F r u c t o s e  1.5 3 . O  
F u m a r a t e  6 .O 1 . O  2.3 1.4 1.5 0 .9  
Succinate 1.1 
Mala te  23.6 21.2 11..3 14.8 9.0 8.0 6.6 
C i t r a t e  65.5 39.0 31.0 11.2 7,. 6  5.2 2.4 
Aspar ta tc  22 .6  40.9 51.5 48.9 4 9 . 5 .  19 .9  
G lutamate 2.2 3.3 4 .4  5.1 20.5 
Se r inep lus  glycine 1.0 1 2 . 0  3 .3  3.9 
T h r  e onine 2.2 0.7 1 .3  2.3 2.3 
Alanine 3.5 5 . 9  6.0 4.2 2.3 
Pr oline 0.4 0.5 0.4 
Valine . 0.6 0.4 0.3 3 .4  
Glutamine 0.6 0.7 3.8 
Gitrull ine 0.2 
Unknowns 0.5 3.9 

Total  ac t iv i ty  fixed 
(dpm/lOO p l  c e l l s  
x 10-5 )  0.0183'0.0965 0.336 1.48 4.43 8.12 12.8 

a 
Separa te  exper iment .  

'contains monophosphates of g lucose ,  f r uc to se  and poss ibly  sedoheptulose.  

'contains diphosphate s df inosine,  ur idine ,  and guanosine . 
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w e r e  al lowed t o  a s s i m i l a t e  N ~ H C ~ ~ O ?  in t h . ~ . p r e s e o c e  arid absence  of unlabeled 
g lucose ,  a  subs tance  which t he se  c e l i s  oxidize r ap id ly . ; 'The re  was  a n  enhanced 

a 
incorpora t ion  of c 1 4 0 2  in  the  p r e sence  of unlabeled glucose  (Table  VI), but the 
pa t t e rn s  of ac t iv i ty  w e r e  s i m i l a r  in  appearance  and w e r e  not ana'lyzed f u r t h e r .  

The  r e s u l t s  with both  the  a lgae  indicate that  c a rbon  dioxide i s  f ixed in 
the  d a r k  en t i r e l y  through carboxyla t ions  a s soc i a t ed  with the t r i ca rboxyl ic  a c id  
cyc le .  In both c a s e s  a s p a r t i c  ac id  i s  v e r y  p rominen t  dur ing the s h o r t e r  in -  
cubation per iods  and ,  in fac t ,  with Nostoc i s  the only labeled subs tance  
f o r m e d  f r o m  c 1 4 0 2  f o r  a s  long a s  : 3 0 s e c .  La t e r  on other  Krebs -cyc le  c o m -  
pounds a p p e a r .  In Ch lo r e l l a ,  ac t iv i ty  a p p e a r s  in  the suga r  phosphates  a f t e r  
30 minu t e s .  The evidence f o r  the rou te  by  which act iv i ty  e n t e r s  the  s u g a r s  
f a v o r s  the operat ion 'of  a . r e v e r s a l  of the  e;lycolytic breakdown 'of t he se  sub -  
s t a n c e s .  ~ h u s  'in Ch lo r e l l a  phosphoglycgric adid i s  the  f i r s t  s u g a r  phosphate 
t o  become  labeled,  followed a t  a  l a t e r  s t age  by phosphoen ' o lp~ ruva t e ,  t h r i o se  . 
phosphate ,  and the  hexo'se monophosphates .  1 n - ~ o s t o c  ac t iv i ty  can  be observed  
in  phosphoglycer ic  ac id ,  and  pentose  and hexose  phosphates  afLer 3 m i n .  A 
significant  amount  of ac t iv i ty  in  t h i s  o rgan i sm i s  incorporAted in to  c i t r u l l i  e ,  
a n  observa t ion  f i r s t  m a d e  b y  Linlco, Holm-Hansen,  B a s s h a m ,  and  Calvin ,  P 
though no c i t ru l l ine  was  s e e n  in  Chlorel1.a under  t he se  condit ions.  

The  r e s u l t s  obtained with the  fungal  c e l l s  a r e  somewhat  d i f ferent .  
In t he se  c e l l s  ,ac t iv i ty  a p p e a r e d  in the  s h o r t e s t  pe r iods  in m a l i c ,  c i t r i c ,  and 
phosphogluconic a c i d s  (4 s e c ) .  Immedia te ly  a f t e r  t h i s ,  f u m a r i c  and a s p a r t i c  
a c i d s  b e c a m e  labeled (1 1 s e c ) ,  and  the isotope b e c a m e  e v e r  m o r e  w idesp read  
in subs t ances  a s soc i a t ed  with the c i t r i c  a c id  cyc le  a f t e r  30 s e c ,  b y  which t i m e  
,glutamic ac id ,  th reon ine ,  and  a lanine  a l s o  contained act iv i ty .  Cons iderab le  
ac t iv i ty  w a s  a l s o  i nco rpo ra t ed  into the  nucleot ides  (Table  V ) .  However ,  a l -  
though phosphogluconate contained C14 a f t e r  the  s h o r t e s t  incubation pe r i od ,  
and  v e r y  s 'mall amounts  of ac t iv i ty  began t o  be  observab le  in  phosphoenol-  
pyruva te  a f t e r  45 s e c ,  phosphoglycera te  and the  hexose  monophosphates  did 
not become  labeled unti l  s o m e  t i m e  between 3 and 30 min ,  and  a t  no t i m e  was 
ac t iv i ty  s e e n  in the  s u g a r  d iphosphates .  T h i s  was  t r u e  even  when t he se  ce l l s  
a s s i m i l a t e d  c 1 4 0 2  while s imul taneous ly  oxidizing un l abe l edg lucose .  It is 
known f r o m  o ther  s tud ies  that  th i s  o rgan i s~m , tnetabulizes g lucose  a t  l eas t  
p a r t l y  Via i r u c t o s e  diphosphate ,  s.o that  a metabo l ic  pool of t h i s  subs tance  m u s t  
have been  p r e sen t .  -It would a p p e a r ,  t h e r e f o r e ,  t ha t ,  as we l l  a s  being i n -  
c o r  o r a t ed  into Krebs -cyc le '  i n t e rmed ia t e s  b y  carboxyla t ion of pyruvic  ac id ,  
C18from c 1 4 o 2  e n t e r e d  the  hexosa  phosphate by a rou t e  involving carboxyla t ion 
of a pentose  phosphate t o  give phosphogluconate ( the f i r s t  labeled suga r  phos-  
phate  . obse rved ) ,  which was  then  r educed  t o  hexose  phosphate .  

T h e s e  f indings a p p e a r  pa r t i cu l a r l y  significant  with r e g a r d  t o  the  
ques t ions  of the phys ica l  s epa r a t i on  within the  ce l l s  of d i f ferent  metabo l ic  

, 

pools of the  s a m e  subs t ance .  Glucose  is known t o  b e  metabo l ized  in  t he se  . 

cel1.s' v i a  f r u c t o s e  diphosphate  (and. g lyco lys i s ) ,  and  a l s o  b y  the  decarboxyla t ion 
of phosphogluconate t o  yie1.d pen tose  phosphate.  Yet when the  ce l l s  a r e  supplied 
with labe led ca rbon  dioxide,  ac t iv i ty  a p p e a r s  f i r s t  in phosphogluconate,  and . 

~ i n k o ,  Holm -Hansen,   iss sham, and Calvin ,  J. Expt l .  Botany 8, 147 ( 1  9 5 7 ) .  - 
7 
L 
V. M c s e s ,  in C h e m i s t r y  Divisior, Q u a r t e r l y  R e ~ o r t ,  UCR L:3950, Sept .  1957, 

p .  30,  
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Table VI 

14 
Fixation of C 0 2  by Zygorrhynchus moeller i  in the presence 

and absence of glucose 

The values a r e  given in counts X.  1 0 - ~ / m i n  for a s tandard aliquot. 
, 

. .. Incubation period (sec .  ) . 

With glucose 121 42 1 . 1.0.8 3 

No glucose . 54.7 263 . 830 

, i s  present  late'r in the hexose mo'nophosphates although absent f rom the hexose 
diphosphdtes. Thiswould seem to indicate f i r s t ly  that c .1402 i s  assimilated 

.into, hexose by a pent,ose carboxylation and not by a r e v e r s a l  of glycolysis, and 
secondly that there  must  be two pools, a t  least  of phosphogluconate and of 
hexose monophosphates, to  account for  the absence of label in the hexose di-  
phosphates. Other cases  a r e  known in biology of such a physical separation 
of metabolites,  one well-known example being the accumulation of isoci t rate  
by the plant Bryophyllum. The enzyme aconitase catalyzes the conversion 
of c i t r ic  acid to isoci t r ic  acid,  the equilibrium .s tate ,being about-94% ci t rate  
a d  GYu is&.GLra~e. Aconitase isolated f rom ~ r ~ b ~ h ~ l l u m  appears  to  he -'. . 

normal ,  y,et the' plant is ,  able to  accumulate isoci t r ic  acid in the vacuoles. 
~ r e s u m a b l ~  this can only be done .by..preventing the -isocitrate '  'from coming 
'into contact with the aconitase,  and thus ma.intaining the st0re.d isoci t rate  
f rom the metabolically . . active pool of this  acid which participates in the t r i -  
carboxylic acid cycle. 
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THE TENTATIVE 1DENTIFIC.ATION. O F  ERYTHROSE. PHOSPHATE..  . . : 

V. Moses  . . . . . 

In the  c o u r s e  of the  elucidation of the  photosynthetic ca rbon  cycle  i t  
w a s  n e c e s s a r y  t o  p ropose  a r o l e  f o r  e ry th rose -4-phospha te  a s  a n  in te rmedia te  
in  the  s e r i e s  of ' r eac t ions  resul t ing i n  the  fo rmat ion  of sedoheptulose phos-  
p h a t e ( ~ ) .  It was  .postulated that  3 -phosphoglyceraldehyde and f ruc to se  -6 - 
phosphate underwent a t r an ske to l a se  r e ac t i on  t o  f o r m  xylulose-5  -phosphate 
and  e r y t h r o s e  -4-phosphate.  The l a t t e r  would then combine with dihydroxy- 
ace tone  phosphate under the  influence of a ldo lase  t o  yield sedoheptulose-1 ,  
7 -diphosphate,  o r  -under the  influence of t r an sa ldo l a se  with f ruc to se  -6 - 
phosphate -to f o r m  sedoheptulose -7-phosphate .  

Although both  the  fo rma t ion  of e r y t h r o s e  -4-phosphate f r o m  3 - 
phosphoglyceraldehyde and f ruc to se  -6 -phosphate,  and . i ts  combination with 
dihydroxyacetone phos  hate  t o  f o r m  sedoheptulose - 1,7-diphosphate  have been  
demons t r a t ed  in  v i t roJ5J  4 9  e ry th rose -4-phospha te  ha s  not, u n t i l  now, been  - -  
dete ted in  ex t r ac t s  of a lgae  allowed t o  c a r r y  on photosynthesis  in  the  p r e sence  
of Ct402 .  In addit ion,  a s  f a r  a s  we a r e  a w a r e ,  e ry th rose -4-phospha te  has  
not been  found t o  occur  na tu ra l ly  i n  any  other  plant s y s t e m .  It was  t he r e fo r e  
of i n t e r e s t  t o  a t t empt  t o  i so la te  the t e t r o s e  phosphate f r o m  e x t r a c t s  of a lgae  
suppl ied  wi th  labeled ca rbon  dioxide.  The xylulose-5-phosphate  f o r m e d  b y  
t he  t r an ske to l a se  r e ac t i on  h a s  a l r e a d y  been  r epo r t ed  in a lgae .  6 

Chlore l l a  pyreno idosa  was  incubated in the  light f o r  3 minutes  in  the  
p r e s e n c e  of C1'02. The  ce l l s  w e r e  ki l led  with e thanol  and ex t r ac t ed ,  the  
e x t r a c t  w a s  chromatographed  a s  de sc r i bed  b y  Moses  and Ca lv in '  t o  achieve 
a good s epa ra t i on  of the  subs tances  lying in  the  a r e a  n e a r  the  or ig in  which 
conta ins  the  suga r  phosphates ,  a.nd a rad ioau togram w a s  obtained by  exposure  
of the  ch roma tog ram to  x - ray .  f i lm.  F o u r t e e n  o r  .more  spo t s  w e r e  p r e s e n t  
in  the  a r e a  containing the  t r i o s e  and  pentose  phosphates ,  lying between the 
hexose  monophosphates and f r e e  s u c r o s e  (F ig .  1 ) .  E a c h  of t he se ,  and  a l s o  
the  hexose  monophosphate a r e a  i t se l f ,  w a s  eluted,  t r e a t e d  w i t h  human 
s e m i n a l  a c id  phosphatase  in  a ce t a t e  buffer ,  pH5, and rechromatographed  
with a n  authentic sample  of e r y t h r o s e .  The e r y t h r o s e  was  p r e 6 a r e d  f r o m  . 

 assha ham, Benson,  Kay, H a r r i s ,  Wilson, and Calvin,  J . A m . C h e m . S o c .  76, - 
1760 (1954).  

'E. R a c k e r ,  Nature  175, 249 (1955). 
3 

3 
H o r e c k e r ,  Gibbs ,  Klenow, and Smyrn io t i s ,  . J. Biol;  Chem.  207, 393 (1954).  - 

4 H o r e c k e r ,  Smyrniot is ,  Hiat t ,  and  Marks ,  J. Biol .  Chem.  212, 827 (1955). 
.. 2. . - 

'Racker ,  de  l a ~ a b a ,  and Lede r ,  Arch .  Biochem.  Biophys.  48, 238 (1954). - 
  assh ham, B a r k e r ,  Calvin,  and Qua rck ,  Biochim.  e t  Biophys.  Acta  21, 376(1956). . - 
v MoseS and M. Calvin,  P r o c .  Natl.  Acad. Sci .  U. S. 44, 260 (1958).  - 
 enson on, B a s s h a m ,  Calvin,  Goodale,  Haas ,  and Stepka,  J. Am.  Chem.  Soc. 
72, 1710' (1950). - 
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4,6 -ethylidene glucose by periodate oxidation, followed by hydro1 s i s  of the sU 2,4-ethvlidene erythrose and the purification of the f ree  tetrose. All the 
fourtee; spots appeared to  be mi&ures of several  phosphates, most of which 
were not identified. One spot, however (Spot I, Fig.  l), contained several  
substances, one of which, after treatment with phosphatase, cochromatographed 
well with added erythrose, but not with erythrulose (Fig. 2). This spot 
(Spot I, Fig. 1) also showed other substances after phosphatasing: glycolic 
and glyceric acids were identified (Spots XV and XVI, Fig. 2) and a substance 
present in only the minutest t races  (Spot XVIII, Fig. 2) had the same 
chromatographic parameters a s  erythronic acid; the amount present was 
much too small  to attempt cochromatography and "finger -printingJ' with 
authentic erythronic acid. The labeled erythr onic acid probably arose from 
a i r  oxidation of the erythrose on the paper. 

Treatment of the hexose monophosphate s with phosphatase also 
produced a substance that cochromatographed with erythrose. Whether or not 
this indicates that two forms of erythrose phosphate were present in the cel l  
extract,  or whether that derived from the hexose monophosphate a r ea  r e -  \ 

sulted from a decomposition of some other substance in that area ,  i s  not 
known. 

9 ~ .  A. Rapoport and W. Z. Hassid, J. Am. Chem. Soc. - 73, 5524 (1951). 



Fig. 1. Radioautogram of a extract after 3 minutes' 
photosynthesis with C F e h r o m a t o g r a p h e d  t o  separate 
the sugar phosphates. After treatment with acid phos- 
phatase, the following substances were tentatively i- 
dentified from the numbered spots: erythrose; glycolic, 
glyceric, and erythronic acids from I; glycolic, glyceric, 
and erythr onic acids from 11; dihydroxyacet one and other 
substances from 111. Spot IV appeared t o  contain pentose 
phosphate, spot IX glucose - 1, 2 -cyclic phosphate, and 
spot X possibly a phosphate es ter  of a sugar alcohol. 



Fig. 2. Spot I, from Fig. 1 ,  after treatment with acid phos - 
phatase. Identities of the numbered spots: XV, glycolic 
acid; XVI, glyceric acid; XVII, not identified; XVLII, 
probably erythronic acid, 

. . 
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STEADY -STATE STUDIES OF THE CARBON-REDUCTION CYCLE 
IN PHOTOSYNTHESIS 

James A. Bassham and Martha R. Kirk 

Previous studies of the steady state during photosynthesis by algae 
with C1402 have provided valuable information regarding the details of t e 
biochemical transformations which occur in the carbon-reduction cycle. P ,  2 

It has proved possible to measure the concentration of intermediates in the 
cycle during such a period of steady-state conditions by allowing algae, either 
Chlorella o r  Scensdesmus, to  photosynthesize with c 1402 of constant specific 
activity for  periods in excess of 20 minutes. By this time the intermediates 
in the cycle a r e  "saturated" with respect to radiocarbon. In other words, the 
specific activity of each carbon atom of each intermediate i s  the same a s  the 
specific activity of the entering carbon dioxide. Consequently, if a sample of 
algae is taken under these conditions, .killed in alcohol, extracted, and analyzed 
by the usual methods of paper chromatography and radioautography, and if  
the t ~ t a  I railinactivity per unit weight of algae i s  determined, it  becomes 
possible. to  citlculate the concentration of each intermediate of the cycle ill 
the active metabolic pool. At the same time, the rate of photosynllresis can 
be determined by means of instruments which monitor continuously the levels 
of ~~4~ GOZ. and oxygen in the gas which circulates in a closed system through 
the suspension of algae. 2 

With these techniques available, one can study the concentration of 
intermediates in a dynamic biochemical system a s  a function of the over-all 
ra te  of metabolism. In this instance the over-all rate of metabolism may 
be controlled conveniently by control of the incident light intensity on the 
algae. Rates of photosynthesis varying by a factor of five may be easily 
achieved. 

Such a study has now been undertaken. However, several practical 
problems, which have been neglected in  the Se~lquanlildlivc: studies p~ovious  ly 
performed, had to be overcome. F i r s t  of all ,  a more careful temperature 
control was required, and this has been achieved by placing a water jacket on 
either side of the algae i l lut~~ination ccl l  and rapidly cirri~lating; water from a 
thermostated bath through this jacket. Secondly, it  was found in a preliminary 
experiment that during the course of the experiment the pH of the algae 
suspension increased over 1.5 pH units when the nutrient solution and density 
of algae used in ear l ier  experiments were employed. Aside from possible 
changes in the steady state which might accompany such a pH change, this 
change resulted in a substantial change in the effective volume of the system 
for  carbon dioxide, owing to the increased concentrations of bicarbonate at  
the higher pH's. Therefore, pH electrodes have been installed in the cell  and 
steps have been taken to control the pH within narrower limits by adjusting 
the concentration of inorganic sa l ts  in the nutrient and also the concentration 
of the algae. It was also found that the algae grew s o  rapidly during the 
course of the experiment, which lasted about 2 hours, that the density of 

- 'A. T. Wilson and M. Calvin, J. Am. Chem. Soc. - 77, 5948 (1955). 
L Bassham, Shibata, Steenberg, Bourdon, and Calvin, J. Am. Chem. Soc. 
78, 4120 (1956). - 
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' algae was nearly 50% grea ter  a t  the end of the exper iment  than at  t.he be-  
ginning. This  growth, of cour se ,  resu l t s  in an apparent increase .in. the ra te  
of photosynthesis, and inaccuracies in the measurements  of the concentration. 
It i s  not possible to ' r&duce. the t ime of the experimeht much bkldw 90 m h u t e s ,  
since the algae should be  allowed a t  least  20  minutes of any given s e t  of . 
conditions to reach  a s teady s tate .  In addition, it i s  desirable  to  determine 
at  beas.t two.different steady s ta tes  for  the sake of comparison in any given 
experiment,  and a lso  to  repeat the f i r s t  set  of conditions af ter  the second set  
a s  a check. Therefore,  in order  to  adjust the concentration of algae during 
the course  of the experiment an ex t ra  r e se rvo i r  of nutrient solution was in-  
stalled in the sys tem, .  with provision for i t s  addition to  the algae suspension 
f rom t ime to  t ime.  In order  to  measure  continuously the density of the algae 
suspension, a sample of the suspension i s  circulated past a smakl light and 
photoelectric cel l ,  and a s  the algae grow the change in density of the suspension 
i s  indicated by means of the reading of the cel l .  . F r n r n  t ime t o  
t ime,  f r e s h  nutrient solution i s  added to bring the density of the algae b a c k '  
to  the s tar t ing point. In order  that the nutrient solution have the same b i -  
carbonate concentration a s  the medium in which the algae a r e  suspended, the 
s t r eam of gas passes  f i r s t  through the algae suspension and then through the 
r e se rvo i r  of nutrient solution. 

~ n o t h e k  problem has be'en to  supply enough of c r i t ica l  inorganic sa l t s ,  
par t icular ly ni t rate ,  to  insure that the concentration of these nutrients will 
not drop So levels a t  which they might limit the r a t e s  of some of the biochemi- 
ca l  t ransformations during,the course of the experiment.  At the same  t ime 
it has  been necessa ry  to  hold the concentrations'of sa l t s  at  the minimum 
:necessary level . in  o rde r  that the chromatographic analysis  of the products 
of c 1 4 0 2  fixation hot be disturbed by sdlt effects.  This problem has been 
part ia l ly  solved by analyzing sma l l e r  aliquot samples  of algae suspension and 
compensating for . the  smal le r  s a m p l e s  by employing C1402 of higher specific 
activity. 

'The present  conditions being employed in the studies a r e  a s  follows: 

1. Nutrient Solution: 
. . 

\ KN03 1.5 g/l 

MgSO4. 7H20 0.2 g/ l  

KH2P04 0.1 g / l  

K21-I PO4. 3H20 ' 0.15 g / l  

. Trace  elements  ( ~ o a g l u n d )  1 ml / l  

2 .  .Gaseous System: 

(a )  . 'Rdse'rvoir s ize:  Large system - 5850 cc a t  PI-I 6.7; s.rnall system - . , 

473 cc  a t  pH 6.7. 

( b )  Carbon dioxide concentration - 2.0010 a t  the beginning of the experiment .  

(c )  Total c 1 4  activity - about 8 m C .  

(d) Volume of algae suspension - 50 cc .  

* 
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(e )  Density ol suspension'  - 0.5 cc wet .packcd,algae per  100: cc of 
. . . .,- . :  . .  . . . .. . , suspension. . . . , .  

. , .  . . - ,  . . ,  . . .- '3 ., : . . . ^ .  - ,  . . . 
(f) , Reservoi r  of nutrient solution a t '  s t a r t  of.expeiiment , . - .30 . . .  cc,: . . .  . 

, . 

(g) The size of the aliquot sample of algae suspension taken-for ' -  ' . 

chromatographic analysis - -  1 m l ,  which .after killing .and- . . . . . . 
extraction and concentration, i s  divided into two equal portio'ns '' ' 

and used for  two chromatograms,  one of which i s  run 1 6  to  '2'0 ' -  ' 

. ' hours  in each. solvent to  achieve separation of the phosphate e s t e r s . :  

The resu l t s  of .experiments performed under  t h e  ahove conditidns - .  
await development of chromatograms and radioautographs. -Conditions will' 
doubtless be changed when the resu l t s  of this experiment a.re known. . 

. , . . , . . . 

BIOSYNTHETIC STUDIES ON MORPHINE ALKALOIDS 

' Henry Rapoport and.Don Baker 

A plant chamber for small-scale  one-pot growth studies has  been 
previously described. In this chamber,  Papaver  sornniferum (opium poppy) 
plants a r e  being cultivated in the presence of radioactive carbon dioxide for 
the purpose of studying the path of carbon to  the morphine alkaloids.' 

The plants were approximately the same age and had been grown 
under the same conditions pr ior  to being placed in the plant chamber.  A 
rotal of 1 mC of c 1 4 0 2  was completely taken up by each plant in this s e r i e s  
of s tudies .  ,Plant No. 1 was exposed to  radiocarbon for a 2-hour period and 
then harvested.  Plant No. 2 was exposed to  radiocarbon for 6 hours and then 
placed in the greenhouse in a special  chamber for radioactive plants. After 
5 days this plant was harvesled.  Plant No. 3 was exposed to  radiocarbon for  
6 hours  and then placed in the special  chamber for 10 days before it was 
harvested.  

The morphine alkaloids were  each  separately isolated f rom. the  above 
plants and the specific activity of each alkaloid determined .by procedures  
which will be descr ibed in a future repor t .  The resu l t s  .are summar.ized in 
Table VII. 

. . . , 
. 

Experiments a r e  now being done to determine the, amount of {radio-  
activity found in the methyl groups of morphine, codeine,. and thebaine. 

1 
Henry Rapoport, Don Baker ,  and ~ e l v i n  Ldok, in Chemis t ry  ~ i v i s i o n  

Quar ter ly  Report ,  UCRL-8204, March 1958, p. 21. . . . :  



Table  VII 

Specific ac t iv i t i e s  of the isola ted morph ine  a lkaloids  
(d is in tegrat ions  p e r  minute  p e r  m g )  

P lan t  No. 1 P lan t  No. 2 . Plan t -No.  3 

Morphine 9,200 450,000 380,000 

Codeine 21,000 705,000 424,000 

Thebaine' 75,000 670,000 > 600,000 

: SY NTHESIS OF 2 -C -HYDROXYMETHY L PENTONIC ACIDS n 

J a n  Anderson 

In a n  investigation of the act ion of high concentra t ions  of cyanide on 
the  C 0 2  fixation o g r e e n  a lgae ,  Chlore l l a  pyreno idosa  w e r e  t r e a t e d  with f . radioact ive  KCN. One of the  products  appear ing  in t he se  expe r imen t s  was  
identif ied a s  hamamelon ic  acid-diphosphate.  ~ h c s  m a t e r i a l  ;as synthes ized 
by the  nonenzymatic cyanohydrin addit ion r eac t i on  on r ibu lose  - 1 , 5  -diphosphate 
and shown (by cochromatography  and e l ec t ropho re s i s )  t o  be  ident ica l  with the 
in  - -  vivo ~ e ~ h o s ~ h o r ~ i a t i o n  of b o t h t h e  -- in.vivo and  the in  v i t r o  d i -  - -  
phosphates  yielded a hydroxy ac id  (o r  a c i d s )  c lose ly  r e l a t ed  t o  hamamelon ic  
ac id  (2 -C -hydr oxymethyl r ibonic  a c id ) .  

F u r t h e r m o r e ,  in the  carboxyla t ion of r ibu lose  - 1 :5 -diphosphate t o  
f o r m  3-phosphoglycer ic  ac id ,  the  P-keto ac id  postula ted as a n  i n t e rmed ia t e  b y  
~ a l v i n 3  was  identif ied by  Moses .  Reduction of th i s  P-keto  ac id  with KBH4 
gave a hydroxy ac id  r e l a t ed  t o  hamamelon ic  ac id  o r  i t s  i s o m e r .  

In o r d e r  t o  obtain the exac t  s t e r e o c h e m i s t r y  of the above ac id  o r  
a c id s ,  i t  is n e c e s s a r y  t o  have authentic s amp le s  of t he  four  poss ible  2 -C-  
hydroxymethyl  pentonic a c id s .  

Joan M. ~ n d e r s  on and  Duncan F. Shaw, in C h e m i s t r y  ~ i v i s i o n  Q u a r t e r l y  
Repor t ,  UCRL-3950, Sept .  1957, p. 63.  
2 B r i a n  R 1 Rabi'n, Duncan F. Shaw, Ning G. Pon ,  and Joan M a r y  ~ n d e ' r s o n ,  

, 

in.  C h e m i s t r y  Division Q u a r t e r l y  Repor t ,  UCRL-3950, Sept .  1957, p. 23. 

3 ~ .  Calvin,  J. Chem.  Soc. 1895 (1956). 

4 ~ .  Moses ,  in  C h e m i s t r y  Division Q u a r t e r l y  Repo r t ,  UCRL-8141, Dec.  1 9 5 7 ,  
p .  11. 
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The method employed for  the synthesis of the 2-C-hy-droxymethyl . 

pentonic acids  consisted of the . 'epimerization of the aldose (D larabinose or 
' 

D-xylose) to  the corresponding ketose (ribulose or xyulose) by t reatment  with 
boiling pyridine. Separation of the ketose f rom the unreact'ed aldose was 
achieved by  crystall ization of their  substituted phenylhydr'azones. The ketose 
was then t reated with cyanide following the method of Schmidt ,  and attempts 
were  made to  separate  the resulting epimeric  acids .. 

Prepara t ion  of ribulose -- 
D-arabinose (20 g )  was refluxed gently for 4 hours in f resh ly  distilled 

pyridine with a l l  mois ture  excluded. The reaction mixture was evaporated 
under reduced p res su re ,  and distilled water  added and re-evaporated under 
reduced p r e s s u r e ;  this was repeated seve ra l  t imes  until a l l  t r a c e s  of pyridine 
were  removed.  'l'he resulting syrup was dissolved in absolute LtUH (4U ml) 
and allowed to cool, and some crystclls uf a rab l t~use  were  added. The ~liixrure 
was left f o r  seve ra l  days,  during which time some of the unreacted arabinose 
crystal l ized out. After fi l tration, the syrup was evaporated under reduced 
p r e s s u r e ,  dissolved in absolute-EtOH (30 ml ) ,  and left for  three  more  days. 
Yield of recovered arabinose: 14 to  16 g. The concentrated mother liquors 
yielded a brown syrup which consisted of about 70% to 80% ketose,  a s  
determined by optical rotation. 

: Several  methods a r e  available for  the separation of t.he aldose from 
the ketose;  the most  sat isfactory proved to be the synthesis of the benzyl- 
phenyl.hydrazone of the aldose (ketoses do not reac t  with this reagent) .  

N-benzyl-N-.phenylhydrazine hydrochl.oride (6 .3  g) was dissolved in 
water  (15 m l ) ,  t rea ted  with sodium acetate (2.5 g), and added to the syrup (5 g) 
obtained a'bove. After gentle heating on a water bath, for  3 hours the mixture 
was left overnight, partially concentrated under reduced p r e s s u r e ,  and left 
until the yellow crys ta l s  of D-arabinose benzyl.phenyl.hydrazone,(mp 174O) 
separa ted  (8 .3  g ) .  The fil.trate was evaporated under reduced p res su re ,  d i s -  
solved in water (150 ml.) t o  which ben.zaldehyde (3.2 ml.) was added, and r e -  
fluxed. for  30 minutes. After cooling, the mixture was f i l tered a s  an oil; the 
aqueous layer was extracted several.  t imes  with ether  to remove any remaining 
henzaldehyde and evaporated under reduced p r e s s u r e  to  give a yellow s.yrup 
which was dissolved in 8070 EtOH, decolorized .with charcoal., and evaporated 
again.  This syrup corresponded to  100% ribulose a s  determined by chroma-  

6 tography, optical. rotation, and the Bial orcinol tes t .  

Prepara t ion  of 2 -C -hydroxymethyl pentonic acids 

Following Schmidt's method, 5. the ketose was reacted with a slight 
excess  of KCN (the pH adjusted to 5)  and the reaction mixture left for  3 days 
in  the cold room. After evaporation under reduced p res su re  to  remove any 
excess  HCN, hydrolysis of the cyanohydrins with Ba(0H)  was ca r r i ed  out a t  
60' fo r  2 hours ;  the reaction mixture was then evaporate$ under reducdd 
p r e s s u r e  t o  remove NH3. The barium sal t  was then t rea ted  with H2SOd and . 

. ,  . 
50. T.Schmidt and KO Heintz, Ann. 515, 77 (1934). - 
's. S .  Cohen, J. Biol. Chern. 201, 71 (1953). - 
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T h e  f r e e  a c id  lactone mix tu r e  p rec ip i t a ted  with ,Ca(OH) ; the ca lc ium sa l t  was  
then t r e a t e d  w i t h  a n  equivalent amount  of oxalic a c id  a n 2  a n  a t t e m p t  was  made  
t o  s epa ra t e  the  e p i m e r i c  ac ids  by  f rac t iona l  c rys ta l l i za t ion  of t he i r  phenyl-  
hydra.zides.  Th is  method ha s  s e v e r a l  d isadvantages:  a cons iderab le  amount 
of m a t e r i a l  i s  los t  in  the  purif icat ion of the va r i ous  s a l t s ,  s ince  the ac id s  a r e  
in  equi l ibr ium with t he i r  y lac tones  a t  khe pH's  used,  and  f u r t h e r m o r e ,  the 
sepaGation of the  phenylhydrazides a p p e a r s  somewhat  tenuous .  

A m o r e  s a t i s f ac to ry  method i s  achieved if the  r e ac t i on  mix tu r e  a f t e r  
hydro lys i s  is r u n  th rough 'an  ion-exchange column of Dowex-50 a t  pH 2,  thus  
s epa ra t i ng  the  y lac tones  f r o m  inorganic  ca t ions .  

The ac tua l  separa t ion  of the  ac id s  has  not yet been  achieved;.  f u r t h e r  
work  is being c a r r i e d  out with ion-exchange columns and , f r ac t i ona l  c r y s t a l l i -  
zat ion of the  b ruc ine  s a l t s .  . 

THE RESPIRATORY METABOLISM OF LABELED COMPOUNDS 
BY DEUTERATED MICE 

=, . 
Ann M. Hughes 

The effect  of D 2 0  on the  r r~etabo- l ism of s e v e r a l  labeled compounds /' 
b y  m i c e  ha s  been  studied.  

C57  m i c e ,  both m a l e  and f ema le ,  w e r e  mainta ined on 30% D 2 0  i n  
the  drinking w a t e r  f o r  4 days  or 2 ,  4,  o r  7 week's be fore  the metabo l ic  s tud ies  
w e r e  s t a r t e d .  B y  use  of the b rea th - l ine  appa ra tu s  developed in  th i s  l abora to ry ,  1 

the  r e s p i r a t o r y  metabo l i sm of sodium a c e t a t e - 2 - c 1 4 ,  glycine - 2 - c 1 4 ,  f o r m a t e -  
C14,  o r  g l u c o s e - ~ - ~ 1 4  w a s  followed fo r  4 hou r s .  The dose  of e a c h  labeled 
compound, injected.intraperitoneally, was  1 m g .  The amount  of ac t iv i ty  in -  
jected was  about 10 pC f o r  ,glycine, about 5 pC f o r  a l l  o ther  compounds.  

Resu l t s  . a r e  shown in ~ i ~ . s ' .  3 t o  14. T h e r e  was  no significant  
d i f fe rence  in  the metabo l i sm of a ce t a t e ,  g lucose ,  o r  f o r m a t e  between the.  
deu te ra ted  m i c e  and con t ro l s  mainta ined on r egu l a r  wa t e r  ( F i g s .  9 t o  14).  
In the f i r s t  s e r i e s  of expe r imen t s  involving the  metabo l i sm of .g lycine ,  t h e r e  
w a s  a m a r k e d  di f ference between the  deu te ra ted  and  con t ro l  m i c e  a f t e r  2 weeks  
of, t r e a tmen t .  The di f ference d e c r e a s e d  with i n c r e a s i n g  length of t r e a t m e n t  
(F ig s .  3 and 4),. However ,  i n  two m o r e  s e r i e s  of a n i m a l s ,  t r e a t e d  f o r  2 week.s, 
the l a rge  d i f fe rences  obtained i n  the  f i r s t  s e r i e s  w e r e  not reproduced  (P ig s .  5 
and  6 ) .  Animals  t r e a t e d  fo r  only 4 days  a l s o  showed no m a r k e d  effect  (F ig s .  
7 and 8).. ' 

'B.  M. To lbe r t ,  A .  M. Hughes , .M.  R .  Ki rk  and M. Ca lv in ,  A r c h .  ~ i o c h e m .  
Biophys . ,  60, 301 (1956).  
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TIME -MINUTES 
MU-15,298 

: Fig. 3 .  ~ L m u l a t i L e  r e sp i r a to ry  excretion of c 1 4 0 2  by C57 mice  
af te r  intraperi toneal  injection of glycine -2 -c14. The s tandard 
e r r o r  of'the- mean i s  indicated by  a short  ver t ical  line for  

F each point. * 
Standard e r r o r  of.the mean = . . .  

After M. ~ a l v i k  e t  a l . ;  Y?rky 1949); 



SERIES I 
. .  . .5 . . ,  . .. . 

TIME- MINUTES 

Fig, 4. Rate df respirat ion of c 1 4 0 2  by.C57 mice a f t e r  in t ra-  
peritoneal injection of glycine -2 -c14. 



SERIES II 

TIME-MINUTES 

F i g .  5. Cumulat ive  r e s p i r a t o r y  excre t ion  of c 1 4 0 i  b y  C g 7  m i c e  
a f t e r  int raper i tonea l  injection of glycine -2  -cI4; .  



. . .- . . . . .  : . . 

~ i g .  6.- Rate.'of .r..es.pirati.on bf c14;02 b y . c g 7  mice  af ter  i n t r a -  
peritoneal injection of glycine -2  -c14. 
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TlM,E - MINUTES 

MU- 15,302 

Fig.  7. Cumulative r e sp i r a to ry  excretion of c I 4 o 2  by C57 mice  
after. intraperitonea1 injection of glycine -2  -c14. . 
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Fig. 8. Rat& of respirat ion of C , :  O2 by1f57 mice  af ter  i n t r a -  
peritoneal inj'kction of glycine -2  -C . 
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TIME - MINUTES 

MU-15,305 

. . .  
F i g .  10.  ate of respir i t id;  of c1402 by$57 &ice af ter  in t r a -  

peritoneal injection of acetate -2  -C . 



TIME- MINUTES 

F i g .  11. Cumulative r e sp i r a to ry  excretion of c1402 by C57 mice  
af ter  intraperi toneal  injection of glucose -u-c14. 

. . .  . 
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MU-15,307 

Fig. !2. Rate of f e,spiration of ~ l . 4 0 ~  b ~ ~ C . 5 ~  mice a f t e r  in t ra- ,  
"peritoneal.ihjecti~on o f  gluc'ose -U -C 
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~ i ~ . '  1 3 .  ~urnula t iYe re'spirato.ry ekcretion'of c 1 4 0 2  by Cg7 mice  
aftei- intraperi toneal  injdction of formate -C 14/  
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ELECTRON-SPIN RESONANCE STUDIES OF IRRADIATED 
CHOLINE CHLORIDE 

Robert  0. Lindblom andRicha rd  M. Lemmon 

Deuteration and electron spin resonance work on i r radiated choline 
chloride has been descr ibed in an ea r l i e r  repor t .  This work indicates that 
we a r e  dealing with rad ica l  ions and electrons ra ther  than pa i r s  of radicals  
in the chain decomposition of choline chloride.  An attempt was made to  
populate the electron t r aps  and generate radical  ions by i r radiat ion of 
crystal l ine choline chloride with ultraviolet Light. The choline chloride was 
sealed in quartz  ampules under vacuum and i rrad<ated a t  -196' with a 1-kw 
mercury-vapor  lamp. No electron-spin resonance (ESR) signal was found. 
Since uv radiation should be  energetic enough to  excite e lectrons to  the con- 
duction band, fai lure  to  observe a s ignal ' sugges ts  thht the production of 
rad ica l  ions i s  limited t o  the number of natural  cy r s t a l  defects that can ac t  
a s  t r a p s  for  conduction electrons,  and this number i s  too smal l  t o  be observed 
with-ESR. In contrast  with uv excitation, 3-Mev electrons can produce c rys t a l  
defects a s  well a s  excite e lectrons to  the conduction band. F a n  and Horowitz 
have shown that energetic e lectrons can produce c rys t a l  defects in germanium, 
a n d t h a t  670 kev was the minimum energy necessa ry  to  produce defects in 
germanium. 2 

A dose-saturation effect in the ESR signal f rom i r rad ia ted  choline 
chloride was descr ibed in our previous repor t .  Crystall ine choline chloride 
was sealed in Pyrex  tubes a f te r  evacuation to 100 microns  p r e s s u r e .  The 
samples  were  kept a t  -196' during and af ter  i r radiat ion with 3-Mev electrons 
until the ESR spectrum was determined at  room tempera ture .  The dose i s  
calculated from the relationship: dose (in r a d s )  = 1.8 X 105 q (in microcoulombs) 
which i s  derived f rom the Fea ther  relatipnship 

L 
(in g/cm. ) 

Figures  15 and 16 show?the observed relationship of ESR signal to  radiation 
dose.  F igure  15 shows a steady increase  of ESR signal with dose;  however, 
this plot obscures  the decrease  in the yield of radicals  per  unit dose with in- 
c reas ing  dose.  F igure  16 shows that there  i s  a decrease  of'8O% in radical  
yield per  unit dose over a 300-fold increase  in dose.  This drop in  yield can 
bes t  be explained, in t e r m s  of a radiation-induced annealing of c rys ta l  defects 

The kinetics of the radical  termination process  have been studied by 
observing the decay of the ESR signal with t ime (at room tempera ture)  f rom 
i r rad ia ted  choline chloride.  If this process  were rate- l imited by the the rma l  
annealing of t r aps  of one depth, it would show f i r s t -o rde r  kinetics. A m o r e  

1 
Robert  0. Lindblom and ~ i c h a r d  M. Lemmon, in Chemis t ry  Division 

Quar t e r ly  Report ,  UCRL-8141, Dec. 1957, p.  69. I 

'H. Y. F a n  and K. L. Horowitz, reported in conference on Defects in 
Crystal l ine Solids, The Physical Society, p.  232 (1954). 

3 ~ .  0. Lindblom and Richard M. Lemmon, in Chemis t ry  Division 
Quar t e r ly  Report,  UCRL-8204, March 1958, p. 5. 
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F i g .  15. ESR s i g n a l v s d o s e f o r i r r a d i a t e d c h o l i n e c h l o r i d e .  , 



DOSE ( MEGARADS) MU-15,312 

Fig.  16. ESR signal yield vs  dose for  i r radiated choline chloride. 
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complex  decay  curve  would r e su l t  if m o r e  than one t r a p  depth  w e r e  involved, 
o r  i f  t h e r m a l  ionization.of t r apped  e l ec t rons  without t r a p  des t ruc t ion  w e r e  
occur r ing .  The  decay  r a t e  curve  shown in  F i g .  17 does  not f i t  a f i r s t - o r d e r  
p lo t ; .moreove r ,  i t  is suggest ive  of a two-component curve .  F i g u r e  18 shows 
the  s a m e  da t a  plotted on log-log pape r  a s  the  t i m e  der iva t ive  of the  ESR s igna l  
v e r s u s  the ESR s ignal .  On th i s  plot the  o r d e r  of the reaction'.shouLd appear  a s  tk 
slope of a l inear  cu rve  f o r  s ing le - ra te -cons tan t  k inet ics .  The da ta  b e s t  f i t  a 
1 -1 /2 -order  r a t e  law, although t h e r e  i s  a cons iderab le  uncer ta in ty  i n  the  da ta  
a.t lower s tgnal  l eve l s .  Data  over  a much  wider  range  of values  a r e  n e c e s s a r y  
t o  r e so lve  the  decay  kinet ics .  

THE ISOTOPE E F F E C T  IN THE DECARBONYLATION 
O F  BENZOYLFORMIC ACID 

Be rn i ce  F i n g e r m a n  and  R icha rd  M. Lemmon 

Two prev ious  r epo r t s1 ,  have de sc r i bed  s tud ies  of the  c 1 2 / C  
14 

isotope effect  in the  decarbonyla t ion of benzoylformic  ac id .  T o  supplement  
th i s  work ,  the. CL2 /C13  isotope effect  was  studied by  using the  na tu r a l  levels  
*of c 1 3  p r e s e n t  in  unlabeled benzoylformic  ac id  synthesized.ir i  our l abora to r  
f r o m  benzoyl  chlor ide  and f r e s h l y  p r e p a r e d  C U ~ ( C N ) ~ .  The  ana ly se s  f o r  C 15 
w e r e  p e r f o r m e d  fo r  us  by  D r .  Amos  Newton of the  Nuclear  C h e m i s t r y  Group,  
using a Consolidated Engineer ing Corpora t ion  Model 12 -1 03 m a s s  s p e c t r o m e t e r .  

The  level  of C13 in  the  c a r b o r y l  group in  our benzoylformic  ac i d  was  
de t e rmined  on t he  C 0 2  col lec ted f r o m  n e a r l y  complete ly  (98.5%) decarbonyla ted 
benzoylformic  ac id .  On ano ther  s amp le ,  the  CO was  col lec ted f o r  the  f i r s t  
10% d e c a r  onylation and a l s o  between 90.5 and 94.3% decarbonyla t ion.  The 
level  of CP3 in e a c h  of t he se  s a m p l e s  was  then de t e rmined .  The r e s u l t s  "ire a s  follows: t he  s ta r t ing  benzoylformic  ac id  contained 1.157 * 0.003% of C 
in  the  ca rboxyl  posit ion;  the  f i r s t  10yo of CO (as GO2) contained 
1.087 ?C 0.005% c 13;  and the  f r a c t i on  90.570 t o  93.3% decarbonyla ted contained 
1.193 * 0.0030/0 C13. , 

12 
The C / c 1 4  isotope effect  of 1.0.4Yo f o r  t h i s  r e ac t i on  w a s  obtained' by 

extrapola t ion of the  .data f r o m  s e v e r a l  de te rmina t ions  back  t o  070 reac t ion .  Tlle 
one de te rmina t ion  of the C12/C13 isotope effect  w a s  observed  a t  1070 reac t ion  
and showed (0.070/1.157) X 100 .= .6 .  1'70 isotope effect  a t  t h i s  point .  However,  
using the  f o r m u l a  of  erns stein, and t he se  expe r imen t a l  da ta ,  we have ca lcu-  
lated a c 1 2 / c 1 3  isotope effect  of 6.370 a t  070 k act ion.  Th is  value i s  in  re la t ive ly  
good ag reemen t  with isotope -effect theory ,  4, ' which p r ed i c t s  that  the  C12/C14 
isotope effect  in  a given r eac t i on  should b e  about twice  the  C 1 2 / c  l 3  value f o r  
the s a m e  reac t ion .  

l ~ e r n i c e  F i n g e r m a n a n d  . . ~ i c h a r d  M.  Lemmon,  in  Chem..  Div. Q u a r t e r l y  Repor t ,  
UCRL-3950, Sept. 1957, p .  76. 

 ernic ice F i n g e r m a n  and R icha rd  M.. Lemmon,  in  Chem.  Div. Q u a r t e r l y  Repor t ,  
UCRL-8204, March. .1958,  p.  9. 

3 ~ .  Be rns t e in ,  J. Phys .  Chem.  - 56,  893 (1952). 
4 
J. Bige le i sen ,  J. Chem.  P h y s .  17, - 675 (1949). 

C 
3 J. Bige le i sen  and  T ,  L .  Allen, J. Chem.  Phys .  - 19, 760 (1951).  
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CARBON-14 ANALYTICAL METHODS 

Irvil le M. Whit temore and Sibyl Kocher 

Standardization of the  ionization chamber  technique for  carbon-14 
has  been  completed.  It i s  now possible  to  t ake  nea r ly  any  c14-containing 
compound, conver t  it  t o  C O  , and de te rmine  i t s  specif ic  act iv i ty  with a 
s t a n d a r d  e r r o r  of l e s s  t h a n ? %  or  40 dis integrat ions  p e r  minute ,  whichever 
i s  l a r g e r .  

All  but one of the methods used to  conver t  the ca rbon  c mpounds t o  
GO2 a n d  m e a s u r e  the  act iv i ty  have been  descr ibed  e l s e w h e r e .  The new 
method  concerns  the  .convers ion of a lkal i  s a l t s  of organic  ac ids  complete ly  
t o  GO2 in  a sea led  tube.  It h a s  been  observed  that  CuS04 in  a sea led  tube a t  
6 5 0 ' ~  could be  used  a s  a n  ac id  oxidizing agent f o r  t h e s t  s a l t s ,  and that  quite 
reproduc ib le  r e s u l t s  could be  obtained b y  th i s  method. However,  so2 i s  
f o r m e d  in t h i s  reac t ion  and i s  in t roduced into the  ionization c h a m b e r .  
Wi.lkenson h a s  pointed out that  S.0 i s  a n  e lect ro-negat ive  gas  and m a y  lead 
t o  a lack 06 c ~ m p l e t e  collection ok the  electrurls  wllen p r e sen t  i n  a n  ionization 
c.h.arnber. Earlier t e s t s  indicated that  the  effect of the  SO2 was  negligible. 
However ,  r ecen t  ca re fu l ly  control led expe r imen t s  have shown that  when 
s a m p l e s  of the  o r d e r  of 10 m g  a r e  oxidized with CuS04 and the  resu l tan t  ga s  
mix tu re  in t roduced into a 250 -&l ionization chamber ,  t he  r e s u l t s  a r e  about 
2'70 lower than theore t ica l  ba sed  on a s tandard  combustion method.  In o r d e r  
t o  avoid t h i s  sou rce  of e r r o r , .  a different  method uf oxidizing t he se  s a l t s  has  
been  dev ised .  An exces s  of V205  i s  added t o  the s amp le  before  evacuating 
and seal ing the tube.  This  m a t e r i a l  a c t s  a s  an  oxidizing ac id .  With sodium 
ace t a t e ,  the  r e s u l t s  with V205 a r e  higher' than those  obtained with. CuS04 b y  
the  p red ic ted  amount ,  and wlth s t anda rd  benzoic a c i d - c 1 4  the  r e s u l t s  with 
V 2 0 5  a r e  the  s a m e  a s  those  obtained b y  the s tandard  combust ion method.  

'K. E.  Wilzbach and W .  Y.  Sykes ,  Science - 120, 494 ( 1  954). 
7 
L 

G .  L. Brownel l  and H. S. Lockhar t ,  Nucleonics - 16, No. 2 ,  26 (1952) .  

3 ~ .  M.  Tolber t ,  Ionization Chamber  A s s a y  of R ~ d i o a c t i v e  G a s e s ,  UCRL- 
3499 M a r c h  1956. 

4 ~ r v i l l e  M. Whittemore and B. M.  Tolber t ,  i n  Chemis t ry  Division Q u a r t e r l y  
Repor t ,  UCRL-3415, June 1956, p .  45. - 
' l rvi l le  M.  Whit temore,  E. Ann Ludwigsen, and B e r t  M. ~ o l b e r t ,  i n  
C h e m i s t r y  Division Q u a r t e r l y  Repor t ,  UCRL-3595, Oct.  1956, p. 12 .  

' l rvi l le  M.  Whit temore,  B e r t  M. Tolber t ,  and E .  Ann Ludwigsen, in  
C h e m i s t r y  Division Q u a r t e r l y  Repor t ,  UCRL-3629, Jan.  1957, p. 29. 

71. M .  Whit temore,  B .  M.  Tolber t  and E.  A.  Ludwigsen;  in  Chemis t ry  
Divis ion Q u a r t e r l y  Repor t ,  UCRL-3836, June 1957, p. 12.  

8 ~ .  H. Wilkenson, lonization c h a m b e r s  and Counte rs  ' ( un ive r s i t y  P r e s s ,  
Cambr idge ,  1949). 
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This .  method of 'oxidation has 'worked well with a.wi.de variety of 
C14-labeled sodium s a l t s ,  However , .  when . smal l  . amounts of activity (a few 
thousand'dpm')'&er e analyzed by this  method, the 'result's obtained were  'high. 
Blank determinations showed a,'+kr'y high'background, apparently due mainly 
to alpha,-partic.le events. This i s .  n.ot'unreasonable, a s  .a large portion of the 

. . 
current  vanadium 'supply i s  der ived,from carnotite,  a complex ?inera1 con- .. 

.taining uranium a s  one  of i t s  comp6nents. F r o m  our samples  this background 
s e e m s  to  be constant within a single lot of V205. If the oxidizer is, weighed 
carefully .for a l l  low samples ,  a c,orrectioh may  be made for:the increased 
.backgrodnd.. . . . ... 

I '  

We have a lso  reported a method quantitatively r e l eas ing  c ~ Z  f rom 
BaC03 i n a  s e a l e d  tube a$ 650' C,  using C U S O ~  as ' t he  acid.  ' w e  investigated' 
thk:piod;ct5 . . qf this reaction, using gas chro,matography.. No t r a c e  of SO was 
.found. It i s  estimate,d that the analytical procedure would have been capa b le 
of detecting a S  l i t t le  a s  0.1% SO2 i n t h e  pr-oducts introducedint~o a 250-ml 
ioniza'tion chamber.  . We therefore concluded that this method of C 0 2  p ro -  
duction f r o m  BaC03 was not subject t o  the e r r o r  noted when- CuS04 was used 
a s  an oxidizing agent. 



ENZYMIC STUDIES OF  THE . . RAT, BRAIN. ,. , 

. . 
Edward  L. Bennet t ,  Hilda Kar l s son ,  ~ a n c y ' ~ ~ e ,  Ann oh l ande r ,  

. . . . .. . .. . . . . . .. 
and Thomas H. Roder ick  ' . . . , :  

' ,  . . . . 

(In col laborat ion with P r o f e s s o r s  David Krech  a n d  M a r k  R .  Rosenzweig,  
Depar tment  of Psychology,  and P r o f e s s o r  E .  R .  Demps t e r ,  Depar tment 'o f  

. , 
r ' 

Genet ics )  

During th'e pas t  four  y e a r s  we have been  investigating pos'sible r e - '  
lat ionships between b r a i n  c h e m i s t r y  and  behavior .  P r ev ious  q u a r t e r  l ;y:reports  
have s u m m a r i z e d  some  of the  r e s u l t s  we have obtained. Our p r i m a r y  ob- 
jective i n  t he se  invest igat ions  ha s  been the  n o r m a l  enzymic conti-ol of behav ior ,  
and  such  s tud ies ,  cor re la t iona l .  in  mature,  depend'upon accu ra t e  m e a s u r e m e n t  
of norma1.individual  d i f fe rences  in  enzymic act iv i ty .  In'the cou r se  of t h e s e .  
investigati.on5 we have accumulated considerable  data  on' individual  d i f ferences  
in  b r a i n  cho l ines te rase  ( c ~ E )  activity,  ladtic dehydrogenase  (LDH) act iv i ty ,  
and  b r a i n  weight i n . t he  r a t  a s  functions of age  and ' s t ra in .  These.resu-l tsPand'  
some r e c e n t  r e s u l t s  of the  genet ic  breeding prugra rn4-6  Bre  . surnn3arized . ill 

, this repor t .  

A .  Individual. S t ra in  and Ape Differences  

i n  Chol ines te rase  Activity of the  Ra t  B r a i n  

P rev ious  s tudies  of growth cu rves  of ChE i n  the  b r a i n  of the  r a t  have 
been  p r i m a r i l y  concerned  with changes dur ing the  f i r s t  month a f te r  b i r th ,  and 
changes  a f t e r  that t i m e  a r e  usual ly  ba sed  upon v e r y  few de te rmina t ions .  Litt1.e 
informat ion has  been  published on the  var iab i l i ty  among the  expe r imen ta l  
a n i m a l s .  No informat ion ha s  been  avai lable  t o  de t e rmine  poss ible  s t r a i n  
d i f fe rences  and hence the  ro l e  of genetic f a c t o r s  in b r a i n  enzyme act iv i ty .  

' ~ d w a r d  L. Bennett  and B a r b a r a  Krueckel,  i n  C h e m i s t r y  Division Q u a r t e r l y  
Repor t ,  UCRL-2709, Sept.  1954,  p. 4. 
7 
C Edward  L.  Bennett ,  B a r b a r a  Krueckel ,  and A.  Halevy, i n  C h e m i s t r y  
Division Q u a r t e r l y  Repor t ,  UCRL-3157, Sept.  1955, p.  28. 

' ~ d w a r d  L.  Bennett ,  i n  C h e m i s t r y  Division Q u a r t e r l y  Repor t ,  UCR L-335 1,  
M a r c h  1956, p .  14.  

'Thomas H. Roder ick,  Edward  L.  Bennett ,  and Hilda Kar l s son ,  in  C h e m i s t r y  
Division Q u a r t e r l y  Repor t ,  UCRL-3950, Sept. 1957, p.  86. 

5 ~ i l d a  Ka r l s son  and .Edward  L. Bennett ,  in  C h e m i s t r y  Division Q u a r t e r l y  
Repor t ,  UCRL-3950, Sept.  1957, p .  93. 

'Thomas H- Roder ick ,  Edward  L. Bennett ,  Hilda Kar l s son ,  and  Ann Ohlander ,  
in  C h e m i s t r y  Division Q u a r t e r l y  Repor t ,  UCRL-8141, Dec.  1957, p.  62. 



The cort ical  ChE activity of r a t s  of the SI and S3 s t ra ins  of r a t s  ob- 
t a inedf rom the ~ e ~ a r t m e n t  of Psycliology colony has been determined a s  a 
function of age.from 29 to  500 days.  Data from 432 r a t s  obtained over a 3- 
year  period a r e  summarized in Table VIII. . Data f rom a l l  animals sacrificed 
.within a 10-day interval,  start ing with. an  integral  multiple of 10, have been 
grouped together.  F o r  each age group the mean age and the mean, standard 
deviation, and range of ChE values have been computed. 

As shown in Fig.  19, cor t ica l  ChE activity inc reases  rapidly until 
about 60 days of age, and. the r a t e  of increase  fal ls  off until a broad maximum 
i s  reached a t  about 100 days of age. Thereaf te r  ChE activity per  unit weight 
of . t issue dec reases  slowly and continuously, reaching a t  approximately 500 
days the 1evel.it had a t  40 days,  However, the weight of the do r sa l  cortex 
slowly increases  af ter  100 days,  and the total  cort ical  ChE activity, (cort ical  

. . ChE activity per  unit wei.ght) X (cort ical  weight), remains' essent ial ly  constant 
af ter  100 days.  At every  age-, the mean ChE values for  the S1 s t ra in  a r e  
higher than those for  the S3 s t r a in ;  the mean difference i s  about 10%. The 
difference i s  statist ically highly ,significant. ' 

Data for the subcortical ChE activity for  the two s t ra ins  of r a t s  a r e  
presented in Table IX for  275 r a t s  ranging in age f rom 28 to 131 days. The 
maximum subcortical activity i s  found a t  about 80 days (Fig.  20), about 20 
days ea r l i e r  than was found for  the cortex. The ChE activity of the S1 s t ra in  
i s  approximately 6% grea ter  than for  the S3 s t r a in  of r a t s .  Bra in  weight a l so  
increases  with age, and, a s  was found for the cortex,  total  subcortical ChE 
remains  essent ial ly  constant af ter  80 days.  

The coefficients of variation of cort ical  ChE, subcortical ChE, and 
brain weight a r e  less  than 6.  These. data indicate that.individua1 differences 
in bra in  chemis t ry  a r e  probably smal le r  than those found in other t i ssues .  

B. Cholinesterase and Lactic Dehydrogenase Activity 

The acetylcholine-ChE system i s  only one of numerous biochemical 
sys tems that a r e  important in  the metabolism of the brain.  Thus the c o r r e -  
lations that have been found between ChE activity of the cor tex  and the behavior 
of the r a t  may  be nonspecific; that i s ,  ChE activity may  simply reflect the 
general  enzyme and metabolic levels in the r a t  brain.  It i s  therefore of 
interest  to determine what relationships exist  between ChE and other enzyme 
sys tems.  We have studied the lactic dehydrogenase (LDH) activity in the r a t  
brain. I£ the LDH and ChE sys tems a r e  quite unrelated, and i f  no correlat ion 
i s  found to  exist  between LDH and ChE, this will support the hypothesis that 

' the observed correlat ion between cort ical  ChE and adaptive behavior does not 
s imply reflect a correlat ion between general  metabolic r a t e  in the bra in  and 
adaptive behavior,  but, r a the r ,  i s  specific to  the acetylcholine -ChE system. 
The resu l t s  of LDH analyses of two a r e a s  of the cortex and the subcortical 
bra in  of-106 r a t s  of the S1 and S3 s t ra ins  a r e  summarized  and compared with 
determinations of ChE activity in these same r a t s  in Fig.  21. Significant 
differences between ChE activity and LDH activity in the r a t  bra in  a r e  evident 
and a r e  summarized below. 
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Fig .  19. Cort ical  chol inesterase ( c ~ E )  activity Of the S1 and, S g  
s t r a ins  of r a t s  a s  a function of age. 
The ChE values a r e  based on an average of samples  ob- 
tained f rom the visual and somesthetic a r e a s  .of the cortex. 
They a r e  expressed  in moles  ACh X 1 0 . l ~  hydrolyzed per  
minute per  mg of t issue.  The number' a t  each . ~ o i n t  shows . . 
the number of animals  upon which the value.'is"bas.ed., . ,. . . . 

: ' 
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F ig .  20.  Cholinesterase (ChE) activity in the  subcortical bra in  
of the S1 and S3 s t ra ins  of r a t s  a s  a function of age. The 
ChE values a r e  for  bra ins  f r o m  which the dor sa l  cortex had 
been removed. They a r e  expressed  in moles ACh X 1 0 l o  
hydro1yze.d per  minute per  mg of t issue.  The number a t  
each point shows the number of animals  upon 'which the 
value i s  based. 



- Table  VIII  

Mean,  s t anda rd  deviation,  and . range  of co r t i c a l  cho l ines te rase  activity,  
a s  a function of age,  for. S1 and S3 s t r a i n s  of r a t s .  

Mean 
ChE 
vtsa - 

2 S .D.  - - 
52.2 1.54 

Mean 
ChE 
v+sa - 

2 S . D .  - - 
49.0 2.40 

~ ~ e '  
' - i n  

N days  - - 
'. 3 29  

3 34  

Age 
in  

N days  - - 
2 29  

Range 

50 ,6-54 .3  

53.8-56.7 

55 .8-64 .8  

61.4-69.2 

58,O-68,4 

55.0-75.0 

58.6-72.4 

56 .2-69 .7  

52 .O-72.8 

a 
Chol ines te rase  act iv i ty  was' averaged  fo r  s amp le s  of v i sua l  and somes the t ic  

reg ions  of c e r e b r a l  co r t ex  and i s  e x p r e s s e d  in  m o l e s  ACh X 1 0 l o  hydrolyzed 
p e r  minute  pe r  m g  of t i s sue .  



Table IX 

UCR L-842 1 

Mean, standard deviation, and range of subcortical cholinesterase activity, 
a s  a function of age,  for  S1 and S3 s t ra ins  of r a t s .  

Age 
in 

N days 
- , -  

5 28 

3 .  3 4  

Mean 
C ~ E ~  
- .  

158.2 

153.7 

165.4 

170.3 

178.4 

167 .9  

161.8  

167.3 

Age 
in 

N - days - 
4 , 2 9  

Mean 
C ~ E ~  S . D .  Range - -  
150.0 7.58 142-159 

a 
Cholinesterase activity i s  expressed  in moles ACh X 101° hydrolyzed pe r  
minute per  mg of t i ssue .  

- .  . 
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F'ig. 21.  Boxes A and B give.cortica1 lactic dehydrogenase 
activity for the S1 and S3 s t ra ins ,  respectively.  The LDH 
i s  expressed  in t e r m s  of moles X l o 9  DPNH formed/min/mg 
t issue.  The mean LDH activity of the visual a r e a  (V)  of the 
cortex i s  shown by a solid dot, the upper and lower ends of 
the solid b a r  indicating f 1 standard deviation f rom the mean. 
The LDH activity of the somesthetic a r e a  (S) i s  s imi lar ly  

' shown by an  open dot and a dotted bar. For each age, the 
number of animals  i s  indicated. Since the LDH values for  
visual and somesthetic a r e a s  overlap, the visual values 
have been displaced slightly to  the left and the somesthetic 
values slightly t o  the right of the graph. 
Boxes C and B give corresponding values for  cor t ica l  
c h n l i n e s t e r a s e  activity expressed in  t e r m s  of moles X 1 0  10 
ACh hydrolyzed/min/mg t i ssue .  
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B. .  chol inesterask aiid  a ad tic ~ e h ~ d f o g ' e n a s e  Activity 

The actylcholine -ChE .system i s .  only .one of numero i s  bi.ochemica1 
s y s t e k s  that a r e  important..in the metabolism df the bra in .  Thus the' c o r r k -  
lations that h a t e  been foiind'between ChE activity of the cortex a'nd the behavior 
df the r a t  may  be nonspecific; that i s ,  ChE activity may  simpijr i.'eflect..thk . , 

.general enzyme and metabolic levels in the r a t  bra in .  It i s  therefbre of 
idterest  to determine what relationships exist  between ChE and other enzyme 
systkGs. '  We have studied the lactic dehydrogenase (LDH) activity iri the ' . 

r a t  bra.in. If the LDH and ChE sys tems a r e .  quite ?nreiated, .and if no ' co r re  - 
lation 'is kound to exist  between LDH and.ChE, this wil l~s~upport '  the hybothesis 

, that the observed correlation between corti 'cal ChE and adaptive behavior . '  

does not simply reflect a correlat ion between general  metabolic r a t e  i n  the 
brain and adaptive behavior,  but, r a t h e r ,  i s  specific to the acetylcholine- 
ChE sys'tem': The resu l t s  of LDH analyses of two a r e a s  of the cortex and 
the, s i~bcor t i ca l  bra in  of 106 r a t s  of the S1 and S3 s t ra ins  a r e  summarized  , 
and compared with determinations of ChE activity in these same  r a t s  in 
F ig .  2 1. sigAificant differences between ChE ac'tivity and'  LDH activity in . .  

the r a t  bra in  a ~ e  evident, and.'are summarized  below. . . 

1. The distribution of ,LDH in the cortex and the subcortex is  quite 
dnlike that o f ' c h ~  in both s t r a ins ,  the ChE actiirity of the V section i s  1570 
tb 2070. less  thap that of the S section, and the average ChE activity'of 'the ' 

V'and S 'sect ion i s  only 35% to  40% of the activity of the subcor'tical bra in .  
'On the other hand,. ' the data presented here  indicate that the LDH activity 
of the V section i s  the' same a s  or slightly highei- than that.of the S section, - 
and the average LDH activity of the V and S sections i s  11070 to  12070 of the 
activity of the subcortical brain.  (A s imi lar  resu l t  was found with a sma l l e r  
group df animals  which were genetically b red  for  high and low levels of 
cort ical  ChE. 5~ 6, 

2, C W  and LDH activity va ry  differently with age. . Cort ical  ChE 
activity inc reases  to  a maximum at 100 days,  whereas LDH activity i s  
essentially constant at  a l l  ages tes ted.  

3.  As was found for  ChE activity, the variabili ty of LDH activity 
is smal l .  This constitutes fur ther  evidence for  a low biochemical variabili ty 
of the bra in  in comparison with o ther ' t i s sues .  Whereas a s ta t is t ical ly  
significant s t r a in  difference has been found for  the ChE levels of the S1 and 
S3 s t ra ins  of r a t s  (S1 r a t s  have higher ChE activity per  unit cor tex  or 
brain weight), no s t ra in  difference has been found for  LDH activity. (Also 
no s t r a in  difference in LDH activity has been found in a sma l l e r  group of 
r a t s  b red  for  high and for  low cort ical  ChE activity. 5,  Since the S -s t ra in  

3 r a t s  have a la rger  bra in  than the S1 - s t r a in  r a t s ,  the total  bra in  L H 
activity of the S3-s t ra in  r a t  i s  grea ter  than that of the S1 s t r a in  of r a t s .  

Thus,  these resu l t s  c lear ly  indicate that the distribution of LDH 
and ChE activit ies in the cortex and subcort ical  b ra in  of the r a t  differ in 
many re spec t s .  A low correlat ion has  been found between the ChE and LDII 
levels within the individual r a t .  Therefore ,  the observed correlat ion be - 
tween ChE and adaptive behavior cannot be ascr ibed  to  some general  
metabolic level,  To date we have found a relationship between ChE and 
performance in behavioral t e s t s ,  but no relationship between LDH and 
performance.  

* 
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C. Cholinesterase Levels in Selectively Bred  Rats  

The selective breeding program has progressed  to  the sixth 
generation. 4-6 The ChE activity in the subcortical bra in  has been determined 
in numerous animals  of this  generation. The resu l t s ,  summarized in Table X,  
indicate that highly significant difxferences now exist  in the ChE levels of the 
cor tex  and subcortical bra in  of these r a t s .  The rat io  of activity (Lo s t r a i n / ~ i  
s t r a in )  i s  sma l l e r  for  the cortex (0.72 for  the Roderick C s t ra in  and 0.81 for 
the Roderick D s t r a in )  than for  the subcortical brain (0.81 and 0.91, r e spec -  
t ively).  A s imi lar  relationship has been found for  the S1 and S3 r a t s .  Lactic 
dehydrogenase activit ies have been determined for some r a t s  of the sixth 
selected generation, and pre l iminary  resu l t s  indicate that no significant 
differences exist  between the Lo and Hi s t ra ins .  

F r o m  the fifth selected generation obtained f rom the Dempster 
foundation stock, additional animals '  offspring were obtained and a r e  being 
used for  fur ther  behavioral and biochemical experiments .  Eleven animals 
f rom each  line have been analyzed for  ChE, and the resu l t s  a r e  summarized 
in Table XI. These animals  were  sacr if iced a t  approximately 110 to 120 days 
of age and the ChE values a r e  higher than for  the animals  used t o  obtain the 
data  in Table X ,  which were  sacr if iced a t  approximately 250 days oi age.  The 
differences in ChE levels between the Hi and Lo s t ra ins  a r e  highly significant 
in this  group of 22 animals ,  and the ra t io  of activity in the Lo s t ra in  to  that 
in the Hi s t r a in  i s  ve ry  s imi lar  to  the ra t io  found for the sixth generation of 
Roderick D Hi and Roderick D Lo r a t s .  Fu r the r  behavioral and biochemical 
experiments  a r e  planned with these selected s t ra ins  of r a t s .  



Table  X 

ChE ac t iv i ryof- ra ts -se lec tedfor  high and fo r  low co r t i c a l  ChE activi ty.  Sixth se lec ted  generat ion.  

\ 
, . . .  . Stat is t ica l -  .. . . - . B r a i n  Section 

. - . . . . . , . 
-. B.rain.Section . ' .  . .  . . . . .. - . , . . 

m e a s u r e s  
. V-FS : Subcor t ica l  - v+s - Subcor t ica l  

'.'. . v s - - 2 .  . , - b r a i n  V - S - 2 - b r a i n  

S t ra in :  Roder ick  C Lo (N = 4 r a t s )  Strain-: Roder ick  D Lo (N = 8 rats) 
. i . . .  . 

. . x ' 43,6 49.2 . ,46..6. . .  123.8 . '  47.0 50.2 48.6. 125.9 

. . .. . . . 
Stra in:  Roder ick  C . H ~ . ' ( N  = 5 r a t s )  . '  Stra in:  Roder ick  D Hi (N = 4 . r a t s )  

. . ...... 
>. . . . 

X . . ... 61.6 67.4 64.5 . . 
152.2 57.1 62.8 60.0 . . .  138.5 

Ra t io  ~ o / H i  0.71 0.73 0.72 0.81, 0.82 0.80 0.81 0.91 



Table XI 
- - -- 

Compar i son  of ChE act iv i ty  of offspring f r o m  f i f th  se lected generat ion of Roder ick  D r a t s .  a 
(Reported in  t e r m s  of mo le s  acetylcholine, hydrolyzed X 101'O/nin/mg of t i s sue ) .  

S ta t i s t i ca l  B r a i n  Section B r a i n  Section 
m e a s u r e s  Vf  3 - Subcort ical  V+S - Subcort ical  

V S 2 b r a in  V S 2 b ra in  - ,- - - - 
. - Strain:  Roder ick D Lo (N = 11 r a t s )  Strain:  Roder ick  D Hi (N  = 11 r a t s )  

W 53.41 58.26 55.84 136.82 64.17 71.63 67.88 147.27 

a 
Definitions : 

= .  J Z(Xn - / ( ~ - l )  - . .  o i  = = es t imated  s tandard  deviation 
. , sample  population; 

1 - - 
L = / (N1 t N ~ ) ( X $ ~  + x )/.[N N ( N 1  - 1)  + ( N 2  - l ) ]  = s tandard  e r r o r  of t he  

. ' ~ i  - LO - 2 1 2  di f ference between m e a n s .  

... .!.:. . . : :  P = level  of significance . 



T h i s  r e p o r t  was  p r e p a r e d  a s  a n  a c c o u n t  o f  G o v e r n m e n t  
s p o n s o r e d  work .  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  a n y  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  C o m m i s s i o n :  

A. Makes a n y  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s  
o r  i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  com- 
p l e t e n e s s ,  o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  
c o n t a i n e d  i n  t h i s  r e p o r t ,  o r  t h a t  t h e  u s e  o f  
a n y  i n f o r m a t i o n ,  a p p a r a t u s ,  m e t h o d ,  o r  p r o c e s s  
d i s c l o s e d  i n  t h i s  r e p o r t  may n o t  i n f r i n g e  p r i -  
v a t e l y  owned r i g h t s ' ;  o r  

R .  Assumes a n y  l i a h i , l i t , i e s  w i t h  r e s p e c t  t,o t,he u s e  
o f ,  o r  f o r  d a m a g e s  r e s u l  t i n g  f r o m  t h e  u s e  o f  a n y  
i n f o r m a t i o n ,  a p p a r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s -  
c l o s e d  i n  t h i s  r e p o r t .  

As u s e d  i n  t h e  a b o v e ,  " p e r s o n  a c t i n g  o n  b e h a l f  o f  t h e  
 omm mission" i n c l u d e s  a n y  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  
Commiss ion  t o  t h e  e x t e n t  t h a t  s u c h  e m p l o y e e  o r  c o n t r a c t o r  
p r e p a r e s ,  h a n d l e s  o r  d i s t r i b u t e s ,  o r  p r o v i d e s  a c c e s s  t o ,  a n y  
i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment  o r  c o n t r a c t  w i t h  t h e  
C o m m i s s i o n .  




