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PifOTQE-IG STUD= VITB T m m  wmw 

V . M C 6 E S ~  & W.CALVD 

M i a t i o n  L;tboratory md Department of Chemistry, University of 

California, Ber'mley, C&iforni a. 

Fhataoyntheeis Invdvec two main processes: the photolytic s p l i t t i n g  of 

water, and the utilization of the "wt ive"  hydrogen so produced "co reduce the 

incmirig carbon dioxide to carbohytlr~te, with the c o n c o d t a t  release of m o l t s c W  

oxygen. Deta.il@d studies kiave been &e of the primary quantum converclon process 1 

2 tcndl of the path of carbon , and some proGreco bp; also been &e in the study of the 

pathway of oxygen evolution334. me present colnnunlcntion reports experhnts  ilasign- 

I ed to follow the uptctke of hydrogen from mter by Chlarella under conllitlom of 

light and dark, and in V&QUS media. 

In an earlier prngnume f t  was proposed t o  obtain ccnnpletefy deuter~ited algd  

2 
cells, in which stll tfie c&lular hyfrogsn was replaced with deuterium ( 91, and 

then to use ordinary water ES a tracer. The incorpsrated hydrogen was t o  b v e  ?man 

5 mssured with a nuclear mgaetic resollance spectrometer , wMch can detect hydrogen 

(protons) in the prersence of deuterons. Thi:; prop- was dhmdoned when it was 

6 
found that such deuterated cells showed distinc-t, pathological characteristics , aaB 
t M t  the ~ u a ~ t i t l e s  of mate r i a3  requiresf %r the subsequent amlysis would involve 

the use of very l a g e  are~unts of c a l l  material, and would neceosbtx~te the isolation 

1 
of fntiesmnsaiates on a large scale. In addition, deukrfum Etrsd. ~ r o t i ~  ( H) w e  

both stable species, tJld the teehaiiques which ha3 been used so successfully to 

* The work described in t N s  paper ins sponsored in p& by the U . 6 ,  A%adc &eqy 
Ccrrmnission, and in part by the D@patm6n.t of Chemistry, University of Cdf fosn i a ,  
Berkeley, Cdiforaia. 





t h r o q h  it was c o r r e s p o n ~ ~ y  reduced. 

These problem have now been overcme t;o a considerable ext@nt, an8 a sat- 

iafactory picture of the incoqmrstion p&tterns of 38 from 3 ~ 2 ~  by d g e s  under 

m.-ver~i.l experimntal conditions has been obtained. 

Other photwynthesis studies with water containing heavy isotopes of hydrogen 

have been concerned malrLLy with the role of c'hlorophyll. as a &$roam carrier. 

using deuterium oxiae, Failed demonstrate any excess incorporation of hydrogen 

9 from water into chhrophyll awing photosynthesis. Recent work by VISEUX! ,how- 
four 

ever, has show that some/to fives time8 as much tritium is incorpomted from water 

into chlorophyll in the l ight  as in the &ark. 

Cells of Chlore3.1~1. ~yrernuirSosra were grown in the continuous culture a ~ ~ t u o  
10 

described by BQI.&4-BBWSETS, -- et al. The experfment8.l techniques used i n  emller w r k  

for the elrposu-e of c e l l s  to labelled wbstrates while carrying on pkrotosynthesis 

in "flattened test-tubesn6, or in the ~onventIona.1 "lollipopn2, were d i h c d l s d  in 

of the very dense d g a l  msperzsion used. 

Ttae ~4ppart i tus pmvbde8 for the continuous shaking of 6 glass vessels while 

tht;y were simultaneously iUunTLnated frwn below. After harmsting of the cells, 

w ~ s h l r q  w i t h  distilled water, and resuspension fn distilled water or other m e d i a ,  

0.7-0.8 ml of the cell suspension (contafning 0.15 of wet-pack& eel1e)ww pi- 

petted i n t o  each of 'rhe vessele. These were constructed from &ass tubing of about 
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deep, apart from meniscus affects. A loaw-fitting l i d  was provided with an out- 

let and an Wet tube; the latter reached nearly to the bottom of the vessel (~ig. I), 

During the "pre-adagtation" period before the exprineent, in a c h  the ceUs were 

the rate of aeration (pig. 2) . 

eight 6-wat t  flwretscant lights. A t  the tbp of the water bath tur, sails wewe fitted 

~ Q T Y I :  W c h  ran a rwrnll cmrriwe consisting ~zese&&Ll.y of four wheels fixed .tQ a 

p h t e  bavbg six holes &fuahed in it, 4.n which six of the glass Lraeubstion vessels 

that the hottans of the veseels raackd newly to the bot%m of t b  water bath. The 

m s  xtailh %o run back forth rtlong i t s  rail6 by mmns or a connecting mil a t t ~ ~  

to an eccenLric on the drive sh&t of .a 8 t k e s  motor. The cmfi%gs s s c U l a M  &out 

3 cm at appmx&wtely 250 eyc/rab. The l ight intancity at the bo t tom of the ghss  

vessel m s  about 2000 ft candles. 

As the w b 3 e  apparatus needed to be as small E ~ E  possible for use in a sealed 

box, the fluorescent tubes were of" ItmiW Length, and w h i l e  IUumlnation was Fairly 

eonatant to each mssel, there was 8om vexriatian bermen differrent positions on the 



at a tine in E serial m e r ,  tach f l a s k  being mv& to one part1cula.k p s i t i o n  on 

Before the addition ol" labelf& substrates m y  other additions, such nc 

mineral salts,  were W e ,  resulting in EL tot& liquid velum of 0.8 ml. At the start 

3 of the experinentd period, 0.2 lal of &,Q (specific activity, 5 C j d ,  prepared by 

W t t e m o r e  aorl L e a  by oxidatton of tritium gas '')was &ded t a  the c e l l  suspmAon, 

t h e  cells. The shaker was kept in nzotinn while both additions vere W e  to ens- 

For eqerime~ts on tne uptake of 1es.balled water in the dark, the cel l  suspension 

Qnce the tubes were c a p e  dl additions (subatretie, and ethanol for ~ r i l l i n g )  and 

The suErpension of cel ls  In 80s etherno1 at the and of the incubation period was 

allowed to staad at room -l-atu.re for 2 hrs, a m  then was centriluged. The msi- 

dues were extracted w i t h  2 m l  of 20$ (vjv) e tkmol  fo r  L with 2 ml of W&@P 

overnight. The extracts were pooled arui the os3.l residues discard&. The extracts 
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Efficiency &f tritium counting. 

Rsdiation effects. 

A necessary preliminary to further study m s  to establish that the flux 09 

u ~ e d  (1 C/ml for 3 an) was ~ l ~ t  liable to e the cells or cause Be 

of t h e i r  photos~thet ic  eapetbflities. The radliatkon dosqe in .t;he conditioner used 



760 reps for the 1 m ; L  sanqle. Equal. ~J.iguo.ts of cells were dlowed to carry 

4 on photospthesi.  in the presence of ~ a $  CO (40 p ~ )  for 3 min in the presence 
3 

ond absence of 3&.$3 (1 c). C h m m a t ~ g r m  of the cell extrects were prepared and 

exgosed to X-ray film, a laps of' "Mylar" being placed between the paper and the 

f i b .  The "Hylar?' was sufficient to absorb the l3-pePticles from tritium but not 

those from 14C. A nlrmbcr of compounds were counted for 1 4 ~  with a thin-window 

Scott tube ma the resultri: are p x e m t e d  in Table 11. These compounds nonoally 

14 
conbin 80* of the btal soluble C fixed by cells supplied with labelled 

bicw'bomte %r 3 min i n  the l i g h t .  Apart fro111 the changes i n  glycollic acfLB, as- 

paPtic a i d ,  @utr;rmic acid, and 8ucrose, rm very significant alteration of the 

photosynthetic incorpasation pattern resulted fro= the presence of t r i t i a td  water. 

phosphates with phoa;phtta@e), and sucrose. The identity of gXyco13.f~ lecld was rend- 
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Incorporation of tritium f ~ o m  wffitar i n  the l i g h t  and d&. 

The distribution of tritim incorporated during 3 nin incubation periods in 

the light rand dark w e  shown in Table 111. The colapodf; in which tritium appeared 

corporated no act iv i ty  in t i e  W k .  The total quantity of tritiwn fix& a tU auk, 

distribution were the relatively l e~ser  mounts af %mzer incorpomkecl iurto the 

mlatively greater quentities fneorpumted into We d o  acids, especially aspartic 

shown in Figs .  4 snB 5. 

One fPrportant difference, diflicult t o  measure, was concemml with glycsllic 

acid. This substance is quite volatile, as evidenced by the f& tha t  even though 

the film blrsckening due to this c o n p o d  was gre~ter t-Ueun for any other (~ig, 41, ' 

atlizatlion under these eoditionrs, probably due t o  .the! relzitively high pE of the 
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in the second dlaneracjion with an acidic solvent, would lose glycollic acid more 

readily. In the present work, them was presumably s. further loss of glycollic 

acid i n  the vagi&le period (1-3 weeks) which elapsed between remvin~  the c k o -  

raatogras from the X-ray film, and counting the spots on. them. 

Although it was not possible to measure the wunt of a c t i v i t y  i n  glycollie 

acid with any degree of accuracy, ss a t t q t  was made to find. the relative amounts 

of tritium incorporat& into thfs  corapound in the l i g h t  rjbnd in the &ark by densito- 

metric measurements of the anio~~1-k of fils blackening due to %his conrpounC1. Since 

both l i g h t  end dark ce l l  extracts were pepwe8 and chramtog~aphed under i den t i ca l  

conditions, such dencitometsfc measurements should be some validity. As a cam- 

p d c o n ,  aspartic acid frogl each chromatogrm was also de-tmdned in this m e r ,  

and the r a t i o  obtained coqstred with that derived from direct counting, Table N 

shows that OR the6 b a s i s   me 6.6 t i m e  as much ac t iv i ty  was incorporated i n t o  

glycollic acid i n  the l igh t  as in the W k ,  although the? t o t a l  ac t iv i ty  i n  all the 

other ~ 0 ~ ~ s  only ~ W S  aE high as b tb light. 

Us% the comparative f i lm blwfreniw of glycollie w i d  and %spartic acid, 

and knowing the ac t iv i ty  oi the  a s p r t i e  acid on the chromtogrwns, it is  puscible 

to  calcula%e mugb3.y t h a t  the pames~tages of the to t& tritiunz Pixed which appeared 

i n  glycollie acid were 57% i n  the l i g h t ,  and 28s i n  the dark, fo r  3 ain exposure 

time! i n  both cases. 

Efzects or" ammnia and nitrate on pat%erns of txitiua incorporation. 

16 
EUL&~SEM et d , have shown thzt the pattern of 14c incorporation from 3.4 

-7 C02 

i n  the l i g h t  by CliLorella i s  markedly affected by t b e  presence in the medium of 

ammoia, and, ta a leaser extent, by n i t r a t e .  When ~;uffmonia. was present d mch g r e ~ t e r  

14 14 
fixation of C was frequeni;ly ~bserved, and the C was distributed t o  5 much grealer. 

exterit afll~ng &rto acids and organic w i d b ,  w i t h  EL comesgondil; decrease in the 
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s u g r  phosphter; arid sucrose. Ni%ra.t;e haa a sinilar, though less ~mxked, effect. 

3 C e l l a  supplied with R2D i n  the presence of 0.001 M - ammonium chloride or O.CO1 M - 
potassium ni t rb te  added 2 Illin before the labelled substrate, showed only   mall differ- 

enceE from cells incubated in the absenoe of a nitrogen source, both in total tritium 

fixed and in P t s  distribution (%ble 111). 

Kinetic stud2es on the light aad. dark. 

Studisa m??e rade to detemine the incorporation patterms; of tritium in the 

l i g h t  a d  d-k dtsr  va ious  incubation periods with tracer ranging from 5 see to 

3 m i n .  The results are presented Zn Tablee Tb end VI. In the l i g h t  after the sttort- 

@st incubztion period ( 5  sec), the largest quantities of 1 ~ b e l  by corntirig ~igpernr- 

@ti in %he 6~;jr.w mnophospha%es, pho~r,S.oglyceric acia, malic acid, a~partic acid, and 

t b e .  Tfic prcenta.ges of the total. 11x& tritium present in the s u ~ a r  mnapho~p~2e8,  

phosphogly.ceric acid, Etad aspartic mid, decreased with time fram the s b r t e e t  to 

the longest incubation periods,iedicating, thst t hem subs taces  are e a r l y  intermdisbs  

on the pathways of tritium incorporation (Table V) . 
In the W k ,  the earliest substances %o becme labelled (6.8 sec) were eseantially 

the saae as those in the light, though relatively much more activity was present in 

s relative decline i n  iilcorporuW tritiwn with increasing inclrbatiola periods in 

the dark  able V I )  . 
DISCUSSIQB 

Experbents w i t h  hydrogen iscatogee 8.re bound to present cert~3.n problems of 

Snterpsetntion which do not mise with other elements, except pos~ibily oxygen. This 
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There are at least e;ix ways in which t r i t i l r m  may be h e o s p o r a W  from water 

i n t a  organic molecules in living tis~ues. In the presmt experherit& armngemtsnt, 

in which the cell exbracts were rept?at&ly e v w a W  to dryness aad redis~01ved 

in unhhU%d uster, no trftin WUU rmm3.n fixed in tksete of these six p a s i b l e  

Iflstancett. Tritium raig;ht mtw a ntolacu3.e by tsn snz;llmsbtic reduction process (per- 

hap5 involving a reduced coempe$), be plwed in an exrckxwgeable post t i u n  (attached 

t o  oxygw ox nitrogen), Paad subeeqymtly be relocated to a nonexchangeable position 

(a.ttadmI $0 carboa) aad hence! F& fr*o s S h  after repeated dilution wlth ua- 
6- 

labelled mtw. A sbilar e n z m t i c  incorpomiWm into sb nonexchangeable position, 

perhapa w3th sulmquent relocation into mother noameehtangaable gasitiasz, muldl 

htiva a shailftr rersult. On the other ha-&, d t e r  enzfrmsztic incorpom-t;ion into either 

an erxchGLIfiirmble or a 2sonexcheLngable positian, the tritium mtzg be? rewv leoa  by further 

enzyzmtic maeti~ns t~ an axc le poeitlaa esB& be h a t  dur3ag evapratioa. 

Tkrther g ~ e s f b i 1 i t i . e ~  ~ e s u l t  2'- as i n i t i a l  %ncoqorzat%~ln by m n c n z p t i c  erc?fiLFEngrs 

hetween tritgum In water skck%kng&le h~~W~gein In the or@c moX6cll;tse. If 

such tritium i s  thea mnmvdlblochne3arieslly to 8 nonexcbmgemble position it w i l l  be 

retained dusixig evaprartioa, but Sf it ie abolrrerd to another excbmgeerble position 

it will  be lost. 

In ehddition to these poss;ibiLitie$ Pnvalviag r&uetian reaetion8, xrater it- 

sa f  amy be %neuqmrated ars a congrleb mca~ecufe, as i n  the r a w ~ i o n  produciw mJ.ic 

wid Srorn Qumaric mid. Eiuch a ccwa-plex aeries of possibilities is certain t o  lead 

to dit'5f~uLQ;Sm orlnetn iatergrethg ti results, cow-, for e2~zm@et, with studfee 

9n wMch &eiPeUed carbon dioxide %a the wb3aCt trwer, fn %he later case, non- 
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triclirboltylic a i d  cycle) through which tritium could w t e r  biological compouads, 

either by reduction r e s c t i ~ n s  or by the incorporation of water as a canplete rm1ecdJ.e. 

Thus, tri ti= could rapidly enter glucoce-6-pho%pate, 3 -phosgfiagiycesaldelil.yde, 

glycerol pbsphcte, glu&anic mid, a~paTctic mid, succiaate, &anin@, isocit~ate, 

malate, an8 lwtab by reduction reactions, the tsitiurn be- sika in the fjtrst 

ins tame f n at least one non-excharzgeable position. The foamation of 3-j@o~pfmgl-~ceric 

wid, cftrate, isocftrata, anB malate by the appropsiaa rex t iono  involves the u p  

M e  of a conrpZete water molecule, w%th fixation of tritium into at leerst one! aon- 

exzhmgeable psitltm. !Trit ium MU be Incorporated into any w1e~u.h M c h  obtains 

i t 6  hydrogen in a reaction %nvolving a transfer f m  a exchmgea;ble position. 

The reactions mentionedl are but a far of many incoqmrating hydrogen or water, tiad 

there i r a  ob-trlour;ly a w i d e  range of goss ib i l i t ies  for the Interpretation of results. 

of tritium in the l igh t  sbnd. dark can thus be related to the known patterns ~f carbon 

dioxide fncorporation under similar conditions;. In the light, sugm mnaphosphales 

a~nd pkrosphoglylceric acid art! labelled with tritium at an early stage ( ~ a h l e  v). The 

other subotances incorporate tritium rspidly (malic, glu.l;&c, md aspartic acids) 

can be accounted for  on the basis of the addition of water %o fbmric acid 4a f u r n  

carbon r&uction cycle t o  tbe .tricarboxylllc acid cycle is impaired in same q r  in 
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newly incorporated ca~bon may not enter glutamic acid, this aaxho acid is ulevertheless 

being form& in the llght, as lnust be .the e w e  when the celle grow under eoraditfms 

of continuours lighting. This lendis support to the conelusio~ that sepcarate netabolic 

pools of identical &stances which m e  not fn a s t a t e  af rapid equllibriuln with each 

28 other, may e x i s t  in the dgae . 
In the dmrk, the early incorporation of trttium ic mainly into substances 

aerrsocisted wfth the trfearboxylic acid cycle an8 with pymvate (atmine, d i c ,  

*tal. tritium is fncospore~ted In the dark, 

EO lrrtueh traces was present in this conqsound suggests Ut it arose by reduction , 
possibly of glpxyl ie  acid, and that g lyco l l fc  wid is n o t a a r e l y  an excess product 

233 
originating in trclnsketolaae mactltans as proposed by WII;SON BM) CALVIN . Further, 

14 
these authors found t b t  the fsrcosgoratiaa of C in- & 3 ~ ~ o f l i c ?  ereid h c m a d  

when the cells ware placed in a l o w  carbon d i o a e  mrLrorment, eurd it is pes ib le  
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is the enolizable hy6rogen on the i socyclic ring. Such label would tmve men l o ~ t  

by back exchange in the present procedure. An e x a h a t i o n  of the chromtr-togrms In 

this area (c-~orophyll;  carotenofdt, at?d l ipids)  do not rapidly ~ c q u i r e  tritiwn 

In nonexchwgeetb3e positionsWther by a cycling process or by new synChesis. 

Iri spite of the m y  difficulties of manipulation wd interprstii-Lion, ii; seems 

likely t h t  'the use of' tritium w i l l  wentuall-J enable us to Learn sunethiq 09 tTm 
lk 

path of hydroyen, thou@ not with the ease or coqlebness  vhkh szudies wits C 

acid. T h e ~ e  ~uhstauce~ also incorporate6 label mst rap id ly  tn the d&, t h o q h  in 



this case a @?eater percentuge of the a c t i v i t y  fixed eppetzrd in the amino acids. 

activity fixed, and  it^ distribution, tstsrs affect& to so= extent by tl& pmsenoe 

of ammonium o r  n i t r a t e  ions i n  tile medium. 
the 

Glycal l ic  ac id  was labelled very early, csld was/l;locl active  onp pound present. 

i n - b q r e t i n g  the results of biochmnicd ctudies xsith hplrogen isotopes due *to mon- 

specific axchanxe reQc-tionc are discussed. 
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Cealls we= exposed in the l ight  for 3 3 ta w&%Q~ (401@/ml) wfih or 
ethoqt -0 (1 ~/ml) .  Vs9ues are given a6 ~3unts/mfn for tihe substances 

a st- mquot * u extract8 (cm- 83 of wetopacked 
.cells). 





The rela-Liw densities of fih blackening due t o  glycollic acid in tiie light and dark 
as detesmined by densi tmetr ic  wesurements are given. Tiie blackening due to as- 
pax*tic acid is given for comgarison, togethe~ with tbe actual counting rate for 
asprrrtLc acid fron the two chramstwams. ALL film densities were referrea to 
the deas i ty  of aspartic acid in the l ight .  For experimeate3. deb U s ,  me 
Table In. 

F i b  WmitAee Coa t ing  rate 
GlycoLl3.c acid bparkic acid Aspartic acia 

( c a u n t s f ~ n )  

Bcuba%ed in the l i gh t  16 .g 

Incubated in the dark 2 *5  







W Vii;ihrilac, B3f-=a BQlOgy Cunf'erencte &port --. U (19%) in press. 





Fig. 1 .  Close-up of glass vessels  for incubation of algae, show- 
ing details of lids. 



Fig. 2 .  General view of apparatus, showing shaker, motor and 
bubbling assembly. 



Fig .  3 .  Close-up of shaker  and glass  incubation vesse ls  f rom the 
top. 



Fig. 4. Radioautogram of extract from Chlorella exposed to  
tritiated water for 3 min in the light.-o abbreviations: 
Sugar mono-P, sugar monophosphates; PEP, phosphoenolpyruvic 
acid; PGA, phosphoglyceric acid; UDPG, uridinediphosphoglucose; 
Sugar di -P, sugar diphosphates . 



- OE- 



Fig .  6 .  Radioautogram of extract from Chlorella exposed to 
tritiated water for 1 min in the l i g h t m o  abbreviations: 
see caption to Fig. 4. 




