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Joh. Bassham and Hartha Kirk

In 19%?; Bénson and Calvin (1) found that the dark fixation of 1”092
by Chisrella could de gr&atiy stimulated by préiliuﬁinationg and @hortiy
thereafter t hey reported that the principal products after 1 min in the
Lark followi. prel l?umuﬂatxon wers pheap weliyeceric acid, malic acid

angd &1&nine (2)s These products are zimilar to sowe of those found after

A

short periods of photosynthesis (3), Ga aifron et 21, {8) also reported the

wrtes

foraation of PGA following preillumiasation. Calvin and Hassinl (5 performed

ancther type of esperiment which gives infompation about the changes

4

Coccurring in the plant when the lisht {s turned off, They permitted the

plant vo photosynthesize for some time with 1“00? until all the intermediates
of the early carbon fization pathway were sempletely labeled with
carbca I, at which time they took samples for subtecuent snalysis, Then

they . ﬁmr“-d of £ the 1ight and took more samples in the dark. They found

that the raudiozetivity {a PGA increased repidly while thet in ribulose

diphosphate dropped vapidly. 4 gimiiar expeviment by ¥ilsen and Calvin (6)

sbawec that / t%« light was left on but the coz Pressure lawerggw .
t%e w@ézeactLvity in PGA declined rapidly wnile that in ribulose
ciﬁhcﬂph&%e "ap;dly increassed. Frem these two experiments it was concluded

that during photosynthesis rib ulgsa éiyhusphate is carbowylated aﬁd the

resultant product gives two molecules of 3-phosphoglyceric acid, This

lrhe work described in this paper was sponsored by the United States

Atomic Energy Commissions

-
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‘conclusion was strengtivned by studies with cellefree ewtracts and iselated
 engyme systems (7;—8573j 10). Further study of tka light-Jdark tranzients by

Begsham et al, (11} showed that at the very shoptest times (5 sze) after

the light was turned off the rate of increase of PGA {ia moles) approzched
vtwicé‘the vate of-csz uﬁtake {(in molet) in the light just pri§r to the
-exp@riméﬁtu”Thiﬁ was conzidered to be another indication of the Formation of
two melacy 1aa of PEA pav CGQ molecule teken up, a8t lesst in the dark immediately
'félléwing photosynthesiss By ls'gggﬁ-fhsugh@ the rate of increase of PGA
' haﬂ‘already decreazed at laast 50%, and between 30-&néﬁ60:§g§.thaAincrease'

stops and the PGA starts %o decline
" r

(]

inca experlnents of this typ# shou only the chaages In total coﬁcentration
but not the kinetics of the rawly imcorporated ecarbon, it would bs an advantage
to do parallel experiments in which the 1“302 is Added 'only upon turning off
fthw light, particularly if some qnantitatiVG comparison couid ba made
betwaeﬂ'tﬁe vatéﬂéf'aarbﬁn‘uptﬁke in the light and the rate of appesrance

of labeled carbon in the dark lmmediat tely following {llumination.

"Bevelopm&ﬂt of guantlitative technigues For délug ztudies of 00, fikation

during photosynthesis (12, 13) sade such 2 study more feasible. ¥e shall

report hsre the results of & *tuév of the appearance of ¢ in specific

.':caﬁﬁsunég impediately follewing fliumination and shall describe alse a
'lightvdabk transient ﬁfuﬁy in which the algze were pérmitted to take up
e until the intermediates of thu carbon ¢ycle were satura 4 tefor
the 1llght was turned off,
Tamiva, 1 Wiyacﬁi ﬂwd iirokawsa {14) measured the canacitj F the plant to
fix carden ?% afaxx&@ in the dark following preillumination, which they

call R Thay irmmd thqt eyanide ifahibits the reactiaa botwean R and

Ca

4

o
~
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133
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and hlsa acnelmrmt&a the non-photochenical decay of K. Sincge it ha

found that cyanide reacts imravaraibly with ritulose dishosphate in the

g co e A e e - B - - . e e . -



:

plant, thereby destroying its abllity to react with carbon dioxzide, we are inclined
to think that the wajor part of the (0, fining capacity of prellluminated

algae (R) is vepresented by ribulese diphosphate, together with those

aefactars that bring about the Forwation of ribulose dishozshate in the

gark following illumination, For exemple, ATP would cause a phosphorylation

of sowe inftial ridulose monophosphats to glve vibulose diphoéphate, thereby

'.j : _ gontributing to R. Another p&rtion 6f R would be the carbon fixation-éy
phosphoenolpyruvate and TPHH to form melic acid. %xyachi et aly (18) not

snly showed that & decays vapidly in the dark snd is quite independent of the
levels of TFNH and DPFRY, but produced a very interesting fact that the levels
of these féémaed cofactors actually inorease in the absence of C02 when the
Jlight ﬁa turnad off, ¥iyachl (16) studiad the effect of sulfhydryl reazgents
on-R;i_Althaugh p-chloromareuribenzoic aeid, like lodecacetic acld and arseﬁita§
lowered the level of R, it did not affact the absolute rate constant for

. the reaction betwéen R and CQQ; Sinca purified carboxyéismntaée (§§, the
GRETHE respangible fop éarquylation.af pibulase diphosphate to give two
mo}acaléw of PGA, is highly sensitive to this reapgent, Mivachl concluded

that K could not he iﬁentical with ribul@sa diphogphate, Isclated carboxy=
&iamuﬁw~ b WuVCr; appears o have mucﬁ,iess activity than that raquir&d for
éarﬁoxylatiﬁn in vive, and there 2re many other lines of evidence which lead
us to bé&iave that the ég!zizg}op@ratian_of the‘c&rbsn-raductian eycle must
héve,eaftaih ohara teristice &iffwreﬁt_fro; those of the isvlated emzymes (17 ).

In the studies of R the Chlorellz have usually been preilluminated in

the absance\ba Dz, whareas %h sa WOTK P&?OP*ed here, the Chlorella are
allowed to @hetoﬁynthasize under steady state conditiens prior to the

administration of carbon 1k dionxide. Consequently, a direct comparison betwsen

&

the results of the two tf%c“ of exporinents is not possible. He believe, however,
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ghat the detalls of the kineties of ~7C fization into speeific compounde
éch wWe report here will be of use in the gensral problem of ieterpreting

the re gults of prelllumination experiments.
HATERIAL AND METHODS

Chlorells pyrenoldosa were grown in continuous culture tubes as

dezeribad grevxou»ly (l@). After baing ceatrifuged and washed once with the
medinm giVen in Tabla' i, tgey were centrifuged agzain and resuspended inm this

medium to & concan?ratian of 25 ml packed volume per liter, and placed In the

43

illumination cell of a steady s

&

zte appavatus sinllar to that described
previcusly (12). This apparétas has been medified, now¢§er, to include

beth antemafid'pﬁ control and aubomatlic density control. The algme susponded
'in the nu{rieaﬁ given In Taedble I have a pH of 4,75, The pH control is set
:&t_ﬁ and 0,1 ¥ amnponium hydroxide Fiows in automaticszlly until the pi

» s

reaches the set va}uas after which time it is added autowatically from

time o time az thé algae photesynthesize, take up ammonium ion and tend te
becons acldics ALL other nutrients are added autematically in response
'to_a @ignal'ffem a ?thD?eéistcE_W?ieh measures the 1ight coming
through the a8lgac. The addition madium iz the same as that in which the algae
were in tialiy suspeﬁ&éd (T ble x) ﬁluo, a;gaa suspension is automatically
: wiﬁhérawn from the cell wher the volume exceeds 2 certaln amount,

Two ;,exyerimantg were periovneds ) WTB; ment L was a lightnéark transisnt
study in which the algae wers ulloa 2t ghatosyﬁthawzzn in the presence
of 1“802 Lntll t%e lnterm diates of.ﬁh@ caﬁboﬁ.cyclé weye saturated, then

.

the light was fhrﬁnd of § with sonples &&iﬁﬁ'ﬁ&kea'parioéicallv during
: v i‘.w_ 7

and aftev the iliumination. Lxperiment 2 wasd a preilluminztion experiment
1b

*

in which carbon 14 was edded as :o;ﬁ CO? and H u339 in sueh 2 proportion

&3 to give immﬁékatcl] t‘e Final specific activity of radfocarbon in both
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TABLE I

C Batrient golution for Chlovella

K7,

Callid,),
?eSﬂuaversen~ci
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N, V05 (0,023 g/1)

soelution
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- H

P ey
.3:3».3

| Mn€12°&ﬁ20

Zn80, ¢ THLD
i 2

HoGy (99,5%)
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golution and pas ghase‘(égjb In experivent L the incident and ¢ransmitted

ties from the @hotospot wgre 6 Gk 800 and 810 lun, respectively.

foda

ntens

o

vIn experinent 2 the énciﬂent and transmitted ;ntanr itles were 16,400 and
i, 640 lax. In both @wgerxmentr lLth intemax*iaa ?roa the ulue and ﬁhzte
fluO“@“ tubew wore 7 839 lux incident and 86 lux transmitted. In the
?1*%t-’avk t“angxcﬁt exwﬁ‘ime.t (1), the temperaturs was aontrolled

'.euﬁématically at,12°c..1n the preillymination experiment the temperatura was
-.Idantreliéd.at_?0°cg These differences in light intansity and in temperature

: ma&n that the tws experiments ave not strictly comparable. In experiment 1,
{1 i,ht»dwrk transient) the algee wers placed in the steady state apparatus
and 813 d %o whoha synthesize for 2a‘;£§ b@fcve.th' start of the exposure

10 vuﬁiacarbuﬁ. The tines after the adminis tmafian.of carbon ave given in the
Fizures, in'%he results seetion, In ahpcoi*&{ 2, the preillumination experiment,
the aigae wera placed in the steady state ukyaratus-and allowed to @hoto-
ﬁyﬁihemiza iﬁ'tha presence of 1,9% Cﬁz in air for § i/?lggi'bafore the

&taft-éf tha axperiment. Just prior go the start of the experiment this

fste WaSs clasaé and tbc per cent yOﬂ allow»d t6 dacline due to ph o

yﬁt%esxs to G;o%. Tha light waz turned off and the apgaéatus, already in®
»a‘d;rk rocm, was shroud Jd with a black cloth: At éh@ came Iinstant, a léop
_containing %,& ggiaf lWCOQ was added to thaléy tem (total gas and liguld
: vol&mw was 440 cel and at the same time 1.0 38 of “1uuﬁgzsolutiong 0.06 mlioles
and 1,88 wul per ngw;s‘injecﬁ@d through a hjgoéarmicvaagdla into the algae
suspension. Heczuse of the rapid bubbling of the eycliﬁg 565, throggh‘m&e
al?aajsuﬁﬁénsi¢ns mikiﬁﬁ-iﬁ.cmnsiéerad‘to:bg almest instantancous - from
‘ ﬁ&“ﬁ?ln@ﬁt& with dyes we estimatas sbout 1 sec, In experiment 2 {preillumination

experivent) samples were tzken every 8 sen, &$ shown in Fig, 74

D

- £

511 samples were analyzed by two dimensional paper chromatorraphy and
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radicautography as described previsesly {3)e In orderfee see 2ll poszible
4

stebla Compounds, no extractiv - ware parformed, and the concentrated

ki1lsd alzae suﬁgenaign was pla 3:d divactly on the paper chromatogram,

v »

after twe dimensional peper chromatopre raohy and padiocautography with
meray Film, the individuzl spots as well as the origin were countsd by
a double G~¥ tubs which counts on both sides of the naper gimulta ously.

Buring t g course of both experiments the rates of phot o»;nt wosls

; . . 5 . s . 14

Aware determined just prior to mduministering the ~ C by using the

_ snall gas volume of the ﬁtaady'state apperatus (12) and measuring the slopes

l‘ ey e ¥
of C0y and oxygen ¢hange (12, Lu)a Afvar addition of 1'3’ the lavels of

£

L

VLQQ and CO, were nonitored giving comtinuous values for the speelfi

0

~radiosctivity.

Results ef oxperiment 1 {(light-dark transient) ere shown in Figs.

' » ; ‘. . . T
1, 2 end 3. In all results glven in this paper, the term "microwmoles of 3¢V

means tnn nomh cr of micromoles of carson tetal covrresponding to the measured
N i""« ¥ e & e d T i S el 18 Co 12
amounu of *7C wa*n Lh specific activity is that of the ~CC,- Cvo

4 .' . Y . - 0] A e ‘Q
administorsd to the algme. In other words, it 18 the weasured anount of = C
PSS N e peesd = 34 . 13.}.,\ Y2, 2 At S AT e —ia K
divided by the ratio of ~C to + =L, Thiz wmethod of ewpression is

Cgonvenient for comparing the flow of labeled carbon with the total fiow

in ﬁavliav é@tailed 1igh?~dark tran&i@nﬁ studiss (11), the level of

i

PGA rises m?lﬁlj and then falls wn rans ﬁre level-of ribulos

diphasphate f 11s off to 0, However, in the eavlier studles because of the

éiffeprent physiclogical conditicns, the ribulese diphosphate was
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' . It s R . r
o tP@ total “7C Fixation rate would be iF there wére no unstable poola
. dreceding Staeble compounds, This rate is zhown as o dashed line in Fig, 5

along w *tn tH@ solid line depicting the ehsavved rate of l“h uptake hased

)

leay frem Figz, 6 that the rate

*

£

=¢.b7m/ on the measured 5 ¢ gse increnments, It is
of Fixation Ffalls very rapidly when the light is turnad off in the presence

of 2% CO, ... L . o

DISCUSSION
.

s

4 ™

The results of the light-dark tranzient study (Figs 1) show that when the

; © light is tuvrded off, the Incremze in PCA (89 micromcles) ls too speat to be

accounted for by carboxylation of the ribulose diphosphate present at the moment

the light was twrned off (.15 micromoles), Carbowylation of .15 micromoles
ribulosa diphesphate weuld give 0.19 micromcles of PEA, if two nmolecules of

PGA were formeﬁ by each carboxylation,

of two wayz: 1) HMore ribulose monophosphate might be phosphorylated with

o

ATP left over from the light or with other sources of high energy phosphate

- The total drop in diphosphates (ribulose, ¢ edoha?talcuee and {ructosa) is
sufficient to account for all the rise in PCA if there were some mechanisa

for transfer of (-1 phosphate fvom fPhthaﬁ diphosphate and sedoheprulose

diphosphate to ribulose-5-phosphate, Such a mechanism 18 not known, howeven,

137
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2) dhen tbe lig H is turned off oxidation of sugar phosphates via tricse phosphate
dehydrogenase could teke place, giving rise to PGA, The drop in dihydroxy-
acetone vhosphate (Fig, 3) may indicate oxldation of triose phosphate, conversion

of triose to pentose monophosphate {which might then be phosphorylated and

s,

carboxylated), or conversion to othar sugars. All these Poss sibilities shouid

be wiewed in the light of the results of thd experiment 2, the preillumination

exp@rim&nte‘
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From Fig 6 ve can‘see that ﬁhe peak of radicactivity in PGA in the
; ' preillumination is caused in part by the rising specific activity of carbon
entériﬁg the PGA pool, as well as the accumulation of radiocarbon in this pool
with time. The downward trend of the PGA concentration in experiment 1 and PGA
labveling in eiperiment 2 are both caused by the conversion of PGA to alanrnine as
well as to malic, citric, aspartic acids, and ofher products. In. addition it appears
 that some of the_radiéactivity in the PGA must be lest as evolved carbon dioxide
since the total activity declines for a time before it reaches a slow but
steady rate éf increase due to carboxylation of phosophoenolpyruvic acid,
giving, eventually, aspartic, malic, glutamic and citric acids,
One of the mosﬁﬁiﬁteresting results from the preillumination experiment
is the fairly'rapid incorporation of lLLC into sugar monophosphates (mostly
hexose an&’sedoheptﬁlose ﬁonophoé?ﬂaie) even at 10 ggg'eiﬁosure to thOQ.
At 10 sec the PGA carboxyl carbon, whose pool size has beén estinated at
‘about.l micromole (in an experiment at comparable light intensity, ;g)
 3' : has itself only become about 20§ labeled. This result strongly suggests the
possibiiity that one of the products of carboxylation is a form of bound phcs-
phoglyceric acid, which is reduced to the level of sugar.phOSphate without ever
coming free and equilibrating wiih tﬁe phosphoglyceric acid pool: There have
been previous indications of this possibility, including the finding (18)

that during & kinetic study of the products of carbon 1k fixation in Scenedesmus

the percentage radiocarbon appearing in PGA extrapolated to only about T5%

at the time of addition of the 1k

C. It has been suggested (17) that most
or 2ll of the steps of the cerbon reduction cycle (19) of photosynthesis may
takeiblace on a multifunctional enzyme system which has the capacity for

transTerring carbon compound moieties from one functional site to another.



In this proposal, vibulosae«l,5~diphosphate would react with a thiazcla

s

imllar to thianine pyrophosphats to give a

B

g@cmﬁing c“vth¢ éﬂvvm 8
phesphe g? roonlde Vn@ add iﬁioﬂ compound plus & Whoanhozlycc“jl molety which
is‘“ra;=f erved to a disulfhydryl function of the enzymec The phosphoglyaecaldehyds
agd;biun comrov'd 15 thep zaid o be carboxyldt 03, phcsphovylated, yerhaps by

thianine tri;hsa§n&teb veported by Yusa (20) to be in vlaﬁtg, and veduced, after

wiieh it Is also transferred to & disgifhydeyl fun ct*on of the enzyme, giving

]

2

anotheér 3-phoasphoziveeryl molety. Hydrolysis o

+

these 3=phosphoglyceryl enzyme

complexes gives PEA and disulfhydryl enzyme, Otherwise, they can react to give

u

disulfide enmyme and free dihvdroxyacetone phosphate, which can|then react

P

with anabhec phosphoglyceryl 5] nydeyl enzyme to give fructeaeﬁleﬁ-diphosphate

rouping on the enzymes Uther wall kacwn reactions catalyze
\ ‘

- !

‘the transfer of gliycoaldehyds nmoletles from fractose~b-phosphate forming at

~ 3w Ve 3. ¥ vy Fa v i T £ . - P
the same time b-phosphosrythryl culfide, sulfhydeyl anzyme.
7 Yy 4§ op Ey -~ ta & -, 3 ont “ < ¥ T
IF this proposal is comract, or even similar to the trus mechanismg

the g¢yclic carbor Fiwing power (R) of preilliuminated algas may depend not cnly
en lavels_cf ribuicse diphosphats, Dot 2130 to some extent on some veduced
functional group of the enzyme, or on sone reducing cofactor which may not

be identical with reduced pyridive nucleotide ' .

The Fformation of walic, cltrie, glutamic, and aspartic acids in the

dark indicates that the carbcxylation of pbaﬁphoenol‘pyrnvic acid is not

degendant on cofactors from the light but Is probably only light-stimulated

by the presence of morve phosphoenolpyrivic acid {(derived from the cycle) in

"J

the lizht than in the dark, ‘armation of malic acid, which vequires TPNH,

'y

doas appear Yo stop after about one mimutao, AZREY
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rosults from trensamination of the Cle~ carhor jlacio sroduct, either by

glutanic scid or by unlsbaled asparitic ascid.
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