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Ch lo re l l a  pyrenoidosa  c e l l s  have been  grown in the  p r e s e n c e  of 
deu te r ium and  t r i t i u m  oxide, and t h e  quantity of e a c h  of t h e s e  i so topes  

inco rpora t ed  into the whole c e l l s ,  methanol  inso luble ,  e t h e r  so luble  and  
methanol  so luble ,  e t h e r  inso luble  f r ac t ions  has been  de te rmined .  T h e  

quant i ty  p r e s e n t  has  been  r e c o r d e d  in t e r m s  of t he  p e r  cent  expec ted  ori 
the  a s sumpt ion  of no i so tope  effect .  

It h a s  been found tha t  t he  c e l l s  i n c o r p o r a t e  d e u t e r i u m  approx i -  
ma te ly  50% as  rap id ly  a s  hydrogen,  and  that they incorporate t r i t i u m  

90% as  rap id ly  as deu te r ium.  Further, the ex tzn t  of inco rpora t ion  of 
t r i t i um o r  deu;eriurn by t he  e n z y m e s  involved in hydrogen  t r a n s f e r  i n  

the  syn thes i s  of l ip ids  is signif icant ly  h ighe r  than the  ex ten t  of incorpo-  
r a t ion  by e n z y m e s  involved i n  the t r a n s f e r  of hydrogen  in  the  s y n t h e s i s  
of p ro te ins ,  nucleic  a c i d s  and  s t a r c h  (methanol  inso luble  f r ac t ion ) .  

UNC L A  SSI F I E D 
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hIETABOLISLI OF HYDROGEN ISOTOPES B Y  RAPIDLY 
GROWIXG CHLORELLA PYREKOIDOSA C E L L S  

INTRODUCTION 

S tud ie s  with i s o t o p e s  of c a r b o n  and hydrogen have d e m o n s t r a t e d  

that i so topes  of e a c h  of t h e s e  e l e m e n t s  are  inco rpora t ed  t o  different  
e x t e n t s .  or at different  r a t e s ,  i n to  a lga l  c e l l s  and o t h e r  o r g a n i s m s .  

14 Y z n  S o r m a n  a n d  Brown(') found that  C O2 i s  i nco rpora t ed  approximate ly  

1 5 7 ~  m o r e  s lowly  than C1202 into photosynthesizing Ch lo re l l a  c e l l s  and  b a r l e y  
leaf t i s s u e .  P r e v i o u s l y  Weigl et a l .  ( 2 )  had obtained s i m i l a r  results with 

b a r l e y  l e a v e s .  
14 8%. f o r  C 0 incorpora t ion  into a l g a e  grown t h r e e  y e a r s  in a c losed  2 

a q u a r i u m .  

T h u s  

Buchanan a n d  N a k a ~ ( ~ )  have a l s o  r e p o r t e d  a n  isotope effect, 

In 1935 Reitz  a n d  B o r ~ h o e l f e r ( ~ )  r e p o r t e d  t h a t  Scer iedesmus a c u t i s  
a n d  Chlamydomonas  s p p .  Inco rpora t ed  d e u t e r i u m  to the extent  of only 30- 
70% of i t s  concen t r a t ion  i n  the nu t r i en t  solution. , 
working with a n  i so l a t ed  s y s t e m .  r e p o r t e d  that t e t r adeu te rosucc in i c  acid 
is dehydrogenated a t  4@% of the r a t e  a t  which succii.ic a c i d  is dehydro-  

gena ted  by s u c c i n i c  dehydrogenase .  In addi t ion Thorn  showed that the 
ac t iva t ion  e n e r g y  f o r  t h e  d e u t e r o  compound i s  approximate ly  1000 c a l o r i e s  
m o r e  than for s u c c i n i c  acid. Recent ly  w e  have  shown(6) that Ch lo re l l a  
pyrenoidosa  c e l l s  i n c o r p o r a t e  only 40% as  much t r i t i u m  as  expected o n  

on the a s s u m p t i o n  that t h e r e  is no isotope effect. 

( 5 )  
- 

More  r ecen t ly  T h o r n  

C o m p a r i s o n s  of d e u t e r i u m  and t r i t i u m  i l lcorporat ion into a l g a e  
ha\.e not  p re iqous ly  been made. With a n i m a l s ,  however .  Glascock a n d  

Duncornbe'') found the r a t i o  of T ,  D in m a m m a r y  fat c: inctating f e m a l e  

rats to bc  about 0. 8 of that  of d r ink ing  water l eve l s .  
15a l l0u (~)  r e p o r t e d  h ighe r  v a l u e s .  bet=ccn 0 .  9 and  1 .  0. for whoic carcass  

Thompson and  

USCLASSIFIED -- - 



V S C L -4 SS IF I E D 7 

H W - 29193 

and  f r a c t i o n s  the reo f  f r o m  r a t s .  
that  d e u t e r i u m  w a s  i n c o r p o r a t e d  8 and  18% faster than t r i t i u m  in to  r a t  l i v e r  
g!j-cogen and  :z;;y a c i d s .  

Eidinoff e t  a l .  ('I found, in a s i m i l a r  s t u d y ,  

In the  p r e s e n t  p a p e r  w e  are c o n c e r n e d  f i r s t  with the  ex ten t  of i n c o r -  
po ra t ion  of d e u t e r i u m  into whoie c e l l s ,  i n  p e r  cent of t h e o r e t i c a l  a s s u m i n g  

no i so tope  effect, and  then with the  extent  oi i n c o r p o r a t i o n  of both d e u t e r i u m  

a n d  t r i t i u m  i n t o  C h l o r e l l a  cells a n d  c h e m i c a l  f r a c t i o n s  thereof. 
s t u d i e s  g i v e  i n fo rma t ion  o n  t h e  magnitude of the iso:ope e f f ec t  in whole cells 
a n d  in  different  c e l l u l a r  p r o c e s s e s  of t h e  a l g a e .  

T h e s e  

X I  ETHODS 
E x p e r i m e n t s  with D e u t e r i u m  Oxide 

Algae w e r e  grown and h s r v e s t e d  a s  r e p o r t e d  p r e v i o u s l y ( q ,  excep t  

that  the a l g a e  w e r e  c a r r i e d  o n  a g a r  s l a n t s  e n r i c h e d  with g l u c o s e  i n s t e a d  of 
s u c r o s e ,  2nd t h e  cells to s e r v e  a s  inocula w e r e  grown in  a con t inuous  
c u l t u r ~  a p p a r a t u s ( l O ) .  T h e  ccncen t r a t ion  of d e u t e r i u m  ox ide  in most of the 
e x p e r i m e n t s  w a s  23.3 mole per c e n t .  
w e r e  m a d e  o n  whole c e l l s .  

A l l  a n a l y s e s  in  t h e s e  e x p e r i m e n t s  

E x p e r i m e n t s  with D e u t e r i u m  and T r i t i u m  O x i d e s  

Algae w e r e  grown in  twen ty - s ix  18 x 150 mm t u b e s  which con ta ined  

T w e n t y - t h r e e  a n d  f i v e - t e n t h s  a f ina l  volume of 2 0  m l  of n u t r i e n t  solution. 

m o l e  p e r  cent  of d e u t e r i u m  a n d  o n e  mc/ml of t r i t i u m  w e r e  p r e s e n t  in 
t h e s e  so lu t ions .  T w o  add i t iona l  t u b e s  w e r e  uninoculated.  Another  two 

tubes  did not con ta in  t r i t i u m  or d e u t e r i u m ,  but w e r e  i nocu la t ed  with 

C h l o r e  1 la .  

After  the growth p e r i o d  the solut ion in e a c h  tube  w a s  made t o  2 5  m l .  

a n  aliquot taken for light a b s o r p t i o n  r e a d i n g s ,  and  ? h e  r e m a i n d e r  c e n t r i  - 
lugcd i n  a Serva:! Cent r i fuge  at 8500 r p m  for 2 m i n u t e s .  T h e  s u F r n a t a n t  

L'SC LASS1 FIED 



U :;f L.4 SSIF IE D a 
H W-29193 

so1u:ion u a s  d iscardec  T h e  c e l l s  w e r e  r e suspended  and  c n t r i fuged  twice  

T h e  con ten t s  of -25 of t h e  tubes  w e r e  combined i n  l o t s  of 5 and  e a c h  more.  

lot was  suspended  in 2 5  m l  of d i s t i l l ed  w a t e r .  

Algae w e r e  r e m o v e d  from e a c h  of  t h e  l o t s ,  d r i e d  i n  t a r e d  c r u c i b l e s ,  

..vcighcd, and L\en analyzed for hydrogen, dez!eriurn, arid t r i t i u m  con ten t s .  
The  r e m a i n d e r  of the s u s p e n s i o n  was  aga in  cent r i fuged ,  and  the s u w r M t = t  
so lu t ion  was  d i s c a r d e d .  

fuge  tube into 40 m l  of hot methanol .  
1 - 2  ml of w a t e r .  

>lost of the c e l l s  w e r e  s c r a p e d  f r o m  the  c e n t r i -  
T h e  r e m a i n d e r  w e r e  s l u r r i e d  in with 

The  methanol  s o l u d o n  was r e f luxed  for 2 0  m i n u t e s ,  Then  the  

methanol  i n so lub le s  were cen t r i fuged  f r o m  the so lub le  f rac t ion .  
so luble  f r a c t i o n  was  hea ted  aga in  with methanol  and  a s m a l l  amoun t  of 
e t h e r ,  cen t r i fuged ,  washed once  m o r e  w i t h  solvent ,  and  cent r i fuged .  T h e  

methanol  i n so lub le s  w e r e  r emoved  as  quant i ta t ive ly  a s  poss ib l e  and s u s -  
pended in  U'ater to  a fi;.lal volume of 10 m l .  

T h e  non- 

T h e  combined  mel.hanol e x t r a c t s  were poured  through ethyl  e t h e r  and  
into a l a y e r  of w a t e r  which d i lu ted  the  methanol  to  40%. 

w e r e  shaken  in a s e p a r a t o r y  funnel and  then s e p a r a t e d .  
t ion was m a d e  with ethyl  e t h e r .  
w a i e r ,  then  ekzpora t ed  t o  a s m a l l  volume,  and finally m a d e  to a vo lume  
of A0 ml .  

T h e  two p h a s e s  
One m o r e  e x t r a c -  

T h e  e t h e r  f r ac t ion  w a s  washed  o n c e  witn 

The  e t h e r  inso luble  f r a c t i o n  w a s  evapora t ed  u n d e r  vacuum t o  a 

s m a l l  vo lume,  and  then  d i lu t ed  to a volume of 10 ml .  

Dupl ica te  s a m p l e s  of each  lot ,  except  tne methanol  s o l u b l e ,  e t h e r  
inso luble  f r a c t i o n  (s ingle  s a m p l e s ) .  w e r e  pipet ted fox. tr i*i8;m and  d e u t e r i u m  

ar?alyses .  Single  s a m p l e s  w e r e  submi t t ed  for hydrogen  a n a l y s i s .  

L'SC L-ASSIFIED 
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D e u t e r i u m  and T r i t i u m  Analyses  

Vacuum d r i e d  a l g a e ,  or f r a c t i o n s  the reo f ,  w e r e  c o m b u s t e d  a t  725OC 

S a m p l e s  for  d e u t e r i u m  a n a l y s i s  ( s e p a r a t e  a l iquots)  

in a m i c r o  f u r q a c e .  a n d  the combust ion w a t e r  w a s  a n a l y z e d  for t r i t i u m  a s  
r e p o r t e d  p rev ious ly (6 ) .  

w e r e  c o m b u s t e d  in  a m i c r o f u r n a c e  also; then t h e  combust ion  w a t e r  w a s  con- 
v e r t e d  to hydrogen  by p a s s a g e  thrcugh hea ted  zinc,  as  d e s c r i b e d  by Graff 
and Rit  tenberg(' ');  a n d  f inal ly  the d e u t e r i u m  content w a s  d e t e r m i n e d  with 
a Consol idated-  S i e r  mass  s p c c t r o m e t e r .  R e s u l t s  w e r e  r e p r o d u c i b l e  t o  

i 370 for w a t e r  s a m p l e s  a n d  f 5y0 f o r  s a m p l e s  c a r r i e d  through the e n t i r e  
ana ly t i ca l  p r o c e d u r e .  

Modif icat ions which w e  made  in the equipment  u s e d  in t h e  p r o c e d u r e  
of G r a f f  a n d  Rit!enberg(") for d e u t e r i u m  a n a l y s e s  w e r e  as  follows: a )  6 mm 
c a p i l l a r y  tubing ( i . d ,  2 m m )  was u s e d  for g r e a t e r  s t r u c t u r a l  s t ab i l i t y  of 
t he  s y s t e m ,  b) a s m a l l e r  T o e p l e r  pump (40  cm high, 200 ml capac i ty )  w a s  
u s e d ,  a n d  c )  a Lab J a c k  w a s  used  to mount  a n d  suFpor t  the m e r c u r y  reser- 
voi r .  

Hydrogen Analyses  

Hydrogen a n a l y s e s  w e r e  m a d e  by t h e  conventional m i c r o  method on 
vacuum d r i e d  a l iquo t s  of whole c e l l s  and c h e m i c a l  f r a c t i o n s  t h e r e o f .  

RESULTS 

Inco rpora t ion  of Deuter ium into Algal C e l l s  

F i g .  1 s h o w s  the  inco rpora t ion  by a l g a e  of d e u t e r i u m .  from 
d e u t e r i u m  oxide,. a s  a function of the n u m b e r  of ce l l  mass  doubl ings.  

Also plot ted is a theo re t i ca l  c u r v e  which w a s  c a l c u l a t e d  on t h e  following 

assurnp:ions.  1) the inco rpora t ion  of d e u t e r i u m  in to  a l g a e  p r o c e e d s  at 

t he  s a m e  r a t e  as t h e  inco rpora t ion  of hydrogen,  a n d  2 )  the hydrogen  
of t he  inoculat ing cel ls  is not lost i n  s ignif icant  a m o u n t s  th rough 

L'SC LASSIFIED 
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metabol i sm or exchange d u r i n g  the growth and mult ipl icat ion of the cells. 
The cquation for the theo re t i ca l  c u r v e  i s  Y = D-, w h e r e  unity i s  t h e  value 
approached as n b e c o m e s  infinitely l a r g e .  

c u r v e  i s  Y = a7"- , where  a (51v0) is t h e  value approached  a sympto t i ca l ly  

a s  n a p p r o a c h e s  infinity. T h e  a c t u a l  c u r v e  is that  which m o s t  closely tits 
the 10 exper imenta l  points.  T h e  n u m b e r  of doublings(n) i n  mass  w a s  cal- 
culated f r o m  the relat ionship n = 3 . 3  log T, w h e r e  b = weight a t  t h e  e n d  
of a n  exper iment  and  B = weight at the beginning of a n  exper iment .  

2"-1 

T h e  equation for the  experimen!ai 
2"-1 

b 

I t  is obvious that d e u t e r i u m  is inco rpora t ed  into t h e  algal  cells more 
At n = 5 the  r a t i o  of i nco rpora t ion  of D / H  is a p p r o x -  slowly than hydrogen. 

ima tely 5070. 

In o r d e r  to show that t he  isotope effect is not confined to t h e  l eve l  
of d e u t e r i u m  oxide used  i n  F ig .  1, a l g a e  were grown i n  the  >reserice of 
s e v e r a l  o the r  concen t r a t ions  of d e u t e r i u m  oxide.  
deuter ium content were then  made .  T a b l e  I shows that  the inco rpora t ion  
of dcutcr ium into a lgae  a t  t h e s e  concen t r a t ions  w a s  the same fo r  e a c h  of 
the concentrat ions,  40% of theo re t i ca l .  

Analyses  of the cells for 

A f u r t h e r  e x p e r i m e n t  w a s  p e r f o r m e d  to d e t e r m i n e  the extent  of 
growth of Ch lo re l l a  in concen t r a t ions  of D,O of g r e a t e r  than 25 mole p e r  
cent.  N o  apprec i ab le  growih r e t a rda t ion  was  observed until the  concen-  

t ra t ion approached  50% D 2 0 .  
8 and GTo as  rapidly,  r e spec t ive ly ,  as c o n t r o l  c e l l s ,  when growth was 

m e a s u r e d  spec t ropho tomet r i ca l ly .  T h e  n u m b e r  of cells, per t he  same 
log r ( m a s s )  value w a s ,  h o w e v e r ,  only 70 a n d  5070 that  of con t ro l  cells, 
r e spec t ive ly .  for c e l l s  grown in 83 a n d  94% D 2 0 .  
a n  enlargemeli t  of the c e l l s  growing i n  the higher  concen t r a t ion  of DLO. 
T h i s  r c s u l t  could be brought about by a n  inhibition of c e l l  divis ion without, 

o r  w i t h  only a p a r t i a l .  inhibition of growth p r o r c s s c s .  

A t  l e v e l s  of 8 3  and 94% D 2 0  a l g a e  g r e w  only 

lo 

T h e s e  r e s u l t s  i nd ica t e  
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That  a lgae  a r e  not permanent ly  damaged by i m m e r s i o n  and  growth 
in 8 3 - 9 4 %  D 2 0  w a s  shown in  a n  exper iment  in which c e l l s  grown for s e v e r a l  
days  in these  concentrat ions of D 2 0  were t r a n s f e r r e d  to f r e s h  nutr ient  
solution lacking in D 2 0 .  Growth of t h e s e  c e l l s ,  i n  n u m b e r s  and  mass, Over 

3 days,  w a s  equal to that of control  l o t s  of ce l l s .  

Incorporat ion of Hydrogen, Deuter ium and T r i t i u m  into Chlorel la  

Tab le  I1 gives the r e s u l t s ,  in per cent  of t heo re t i ca l ,  of the e x p e r i -  
ment on the  r e l a t ive  incorporat ion c;f hydrogen, deuter ium and t r i t i u m  in to  
a lgae .  

e x i s t s  between the extent of incorporat ion of deuter ium a n d  t r i t i u m  in to  the 
a lga l  ce l l s ,  the e t h e r  soluble ,  and  probably methanol insoluble,  cell frac- 
t ions,  2)  a highly significant difference e x i s t s  in the extent  of inco rpora t ion  
of both deuter ium and t r i t i um,  r e l a t ive  to hydrogen, into l ipid and non l ipid 

compounds,  and 3)  deuter ium and t r i t i u m  contents ,  in 70 of theo re t i ca l ,  of 
the methanol soluble e t h e r  insoluble f r a c t i o n  are  not significantly d i f f e ren t .  

T h r e e  f a c t s  a r e  evident:  1) a s m a l l ,  but significant,  dif ference 

I t  i s  believed that exchange affected the values  w e  obtained for 
deuter ium and t r i t i um contents  of Ch lo re l l a  a n d  f r ac t ions  thereof only 

slightly,  for our earlier s tudies(6)  showed that only 6y0 of the to ta l  t r i t i u m  
of a lga l  c e l l s  exchanges.  
t r i t i u m  in e a c h  ce l l  f r ac t ion  when added c lose ly  approximated  that i n  the 
whole c e l l s .  

A l s o  the total  quant i t i tes  of deuter ium a n d  

Some d i f f e rences  ex i s t  in the amount  of d e u t e r i u m  incorpora t ed  into 
Chlorel la ,  i n  per cent of theo re t i ca l ,  in the da t a  r e p o r t e d  in  T a b l e s  I a n d  
11 and Fig.  1 .  T h e s e  d i sc repan t  values  d o  not, however ,  inval idate  a n y  of 
the  conclusions r ega rd ing  d e u t e r i u m  and t r i t i u m  incorporat ion into a l g a e ,  

for  c o m p a r i s o n s  of thc extent  to which t h e s e  isotopes arc inco rpora t ed  
into a lgae  arc made only on data obtained f r o m  cells growing in m e d i a  con-  
taining both isotopes.  

I 
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DISCUSSION 

In the spli t t ing of a C-H bond in  an o r d i n a r y  chemica l  r eac t ion  or 

i n  a n  cnzymatical ly  ca t a lyzed  r eac t ion ,  energy must  be suppl ied to effect 
the sp l i t .  T h e  quantity of e n e r g y  that must b e  suppl icd to sp l i t  a C-H, 
C-D: o r  C - T  bond is a function of the mass  of the iso?ope of hydrogen,  
other conditions being equal ;  a n d  the e n c r g y  r e q u i r e d  to sp l i t  the  C-T bond 
is the g r e a t e s t  of tho t h r e e  v a l u e s .  T h e  r e a s o n  fo r  t h i s  is the fact  that  the 
Zero point energy  of t he  C-H 
of the  e f f ec t ive  m a s s  of the osci l la t ing a t o m s .  

C-D, and C - T  bonds i s  a n  i n v e r s e  function 

In a Chlorel la  ce l l  water is sp l i t  photochemically a n d  hydrogen is 
t r a n s f e r r e d  through a n  unknown n d m b e r  of s t e p s  to a f ina l  a c c e p t o r  s u b -  
s t r a t e  compound. 

fo rma t ion  of a C-H bond of a n y  compound i n  a - Chlo re l l z  ce l l  should depend 
then upon the  amount of e n e r g y  agailablci. for  e a c h  r e a c t i o n  in  the series 
of hydrogen t r a n s f e r s  a n d  the number  of nydrogen t r a n s f e r s  taking place,  
in the formation of the C-H bond in question (in proteins ,  s t a r c h ,  f a t ty  
acids,  ctc. ). 

m i n o r  one,  in de te rmining  the quantity of t r i t i u m  a n d  d e u t e r i u m  incorpora t ed  
into a compound). 

T h e  extent  to which a n  isotope effect  o c c u r s  in t h e  

(Ster ic  h ind rance  would a l s o  be a f ac to r ,  but w e  bel ieve a 

If the amount  of encrgy  avai lable  for e a c h  of the reac- 
t ions invoived in  rhe formation c-)iz &,id c-E3 t-- - - f -  U U I I U J  a -  &a * - . - I 1  nc.. U Y V . %  - h n . r o  thn -..- 

1 activation e n e r g y  of C - H  bonds,  and  i f  the number  of r e a c t i o n s  is s m a l l ,  
the isotope effect would br small. li' the amount  of e n e r g y  ava i l ab le  for 

2 3 e a c h  of the r e a c t i o n s  involved in  the formation of C-H a n d  C - H  bonds is 
only s l ight ly  above the act ivat ion pnergy of C - H  bonds and  i f  the n u m b e r  
of r e a c t i o n s  is largr? EVring arid Sher- 
man(") calrulatpd that for chPmrcal rpac t ions  p r o c w d i n g  at o r d i n a r y  

tcmpcratu:-c deuter ium w t l d  r r a c t  onlv 50% as  rapidly a s  hvdrogcn.  
sumably th i s  1s a maximal  or ncar maximal  iso'ope effcrt 

1 

tho isotope effect would be l a r g e .  

Pre- 
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That  t h e r e  are d i f f e r e n c e s  in the r a t e  a t  which the e n z y m e s  of 
Chlorel la  - t r a n s f e r  hydrogen, deuter ium a n d  t r i t i um i n  growth a:id meta- 
uo A ~ I X  of the c e l l s  i s  c l e a r l y  shown in o u r  r e s u l t s .  

deuter ium a s  prot ium and only 90yo as much t r i t i u m  as deu te r iu  I i s  incor- 
porated into the ce l l .  

d i f ference in  the extent to which e n z y m e s  involved in hydrogen t r a n s f e r  in 
the syn thes i s  of l ipids and e n z y m e s  involved in hydrogen t r a n s f e r  in the 

syn thes i s  of p ro te ins ,  nucleic a c i d s  and  s t a r c h  (methanol insoluble f r ac t ion )  
incorporate: e i t h e r  deuter ium or t r i t i um in to  these  compounds.  

h T h u s  only 50% as much  

F u r t h e r ,  and  equally significant,  t h e r e  is a l a r g e  

It h a s  been  s h o d n  that e i t h e r  e n z y m e s  differ in t h e i r  abil i ty to  b r e a k  

(methanol 
C-T or  C-D bonds,  or that more hydrogen t r a n s f e r s  a re  involved i.1 the 
f o r m a t i o n  of C - H  bonds of proteins ,  nucleic  ac ids ,  s t a r c h ,  e tc .  
insoluble f r ac t ion )  than are involved in  the formation of l ip ids .  F u r t h e r  
s tud ie s  will b e  n e c e s s a r y  to  e!ucidate t h e  significance of e a c h  of t h e s e  
f a c t o r s  in the ove ra l l  isotope effect  w e  have  shown i n  t h e s e  s tud ie s .  

It is pert inent  to  s t a t e  that  the isotope eifect  m u s t  be taken into con- 
s i d e r a t i o n  i n  all t r a c e r  e x p e r i m e n t s  uti l izing deuter ium a n d  t r i t i um,  a n d  
that a l l  tracer work with these  isotopes (including pas t  work)  m u s t  b e  
carefui ly  s c r u t i n i z e d  t o  make  c e r t a i n  isotope effects  have not invalidated 
o r  d i s to r t ed  r e s u l t s  and  conclusions.  
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TABLE I 

Deuter ium Content of Algae Growing in  Media Containing Dif fe ren t  

C 0 nc e n t ra t io ns of De u t e r i um Oxi do 

Resu l t s  a f t e r  5 . 3  weight docbl ings 

Deuter ium Theore t i ca l ,  Assuming 
In Medium N o  Isotope Effect Exper imenta l  

Mole v0 Mole To M d e  70 per  cent  of T h e o r y  

5.0 
10.0 

2 5 . 0  

4.88 
9.76 
24.4 

4.90 
9.75 

2 4 . 3  

4.63 
9.27  

23. 2 

E xpe r im  ent 1 

1.91 
3.68 
9.95 

Exper iment  2 

39 
33 
41 

1.94 42 

3. 64 39 
9.18 40 

Avg. = 40.  f 1.4 
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TABLE I1 

Tritium and Deuterium Contents of Whole Cel l s  and Fractions Thereof 

Cel l  Fraction 
7' of Theoretical 

T/D' 1 Tritiv.m Deuterium 

Whole Cells' 

Methanol insolubles 

Ether so lubles  

3 

3 

Methanol soluble 
ether insoluble 4 

4 4 . 9  f 2.2 5 0 . 2  f 1 . 8  0.89 f 0 . 0 5  

4 1 . 5 f  1 .6  44.6f3.7 0.93f0.08 

5 5 . 3  f 5.2 62.8 f 2.7 0.88 f 0.08 

37.7 f 8.4 32.3 f 5 . 3  1.17 f O . 2 3  

I.. 

2. 

3 .  Average of 10 analyses .  

4 .  Average of 5 analyses .  

Average f standard error (95% confidence leve l ) .  

Ratio f 95% confidence limits. 
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