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m%ETGY CA?WURE Ajﬁ CONVIERSION BY PEO”OSYTTHBSIS
J.‘ﬂ. Ba sgham '

Bi o—evbaaic Chenistry Group, L&u«enc@ Redisticon Laboratory E Unive:sitj
of Cal;forﬁia, Bcrheley, California (v.s .A.)

Phouosynthcsle provides both the cnergy and tha substance for the

iiving world. Plants abso*b lisht aﬂd convert it to chemical potentia’

energy wnich arives all bielogical ﬁCuiViLyu When this chemical eﬁergy

has been e?pendeﬂ, it can be rqpleﬁishwﬁ only oy photosynthesis. Uitbouo

it, lile would soon stop.

Thus, llgh% from uhe sun is the pr imary source of energy for viftually '

all life on earth. An insig chant aéditisn is the small amcunt of

artificial lignt used by plante in houses and laboratories. Caly the

photosynthetic cells of plants and a fev specles cf vhotosyathetic -
vacveria car hnnﬁay light iteelf =5 a source of energy.'These organisms

convert light into forms of chemicsl pcuentzal usegble by all livin

cells,

What is the nature of this unigue procees? In order to understand

its basis, we must exswine some of the fundsmental chemical facts of

life.

% . The work described i this paper ves sponsored by the United

States Atomic Energy Commission.
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'wé.live in an atmééphér@ which'is ébduﬁ oﬁe fifih OXygen gady 025‘

»Ox~ﬂen gas has & po ful ten&vncy o re&ct with the materiala o& iife -

. the organic compounds . waen”this happensg fbur Gf %he'mes% important elements
; %L

of o:ganic~ma+m a& are converﬁed te ox ideﬁ. Thun@ elﬁv nts are hydrcgen,vv%i
‘carbon, ni trcgen and sulfur. Their mast common oxidea are wauer, carbou
-»dxozz&a, sulfate and nitrate, all a Part of the w@rld oi incrganzc

compourus. . | o

The rcaction of cxygen with e”a,nﬂc LOﬁpOhn&ﬂ to ferm oxi&ns relcases

rgevamounts of energy. For example, woﬁ& or ¢eoal burns in the oxygen of

the u.r, forming wa%er and carbon daoxiae and relﬁading much he& Ey
reans of mgfe controlled reacﬁiozs'all aercbic (Oxygen»requiring) organisms
peralt oxygen to react with erg&nié materiels es a.saurce of enbrgy for
1life proceeses. This, bxological combustion is resplraticn.

photesynﬁhesis is almost the oppoﬁite'qfvrespiration. Green plants

absord llabt and use its energy o separa te sowme of bhe oxygen from its

oxides and to form organlc co%yoands.fram %he‘remaining a@oms. The;relaticns

between nhouo”yﬂth esis &nd respiraticn in the overall economy of the

living organisms) is shown in Fig. 1. Thic disgram

W

bicsphere {ihe world of
illustrates the cyclical path of matier snd the nom-cyclic flow of energy

through these systems.

¥

" The formation of org&nie CORPG hﬂﬂn bj 9? oynthssis and the st@rage -

4

cf cLemlcal “otcntlal energy can be ynTCSSLd by c%pauicﬁs w%*cn Lell us

the ove?all Veaﬂ_ho For ez&mxle, the forzabion of one sixgh mol@ of eluﬁoaep;»-'

under ohys _clgaxcal condl tio e} water and carbea dloAide, cen e

exoressed bg the quaticn:

;) co, + 320 Hy

— CHO +0,  AF = 4137 Keal
(1/6 glucose).. AT

. N
e e daar
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Tﬁe ‘4-13;7:=Kca§1 free energy éhange -in "’ch'?’* 1 ﬁ”*cioﬁ means'that &3 the
eguation is Wx%en, 117 I{cal of usef ul work mus’a bza supplied for each mole

of carbon di oxi&e reduce:d %o make the reaction go. ms enef&r comes fmm

the .z.:.g,m ab by axe zalanﬁ pimntﬁ. e

The reverse reac’cim (mgnt to lef Y :Z.s respn.m’cion. A respirmg cell

burnmg one sixbh mole oi‘ g}.‘uccse wi‘ch oqugen, can tneore’cically ob‘cum u_p v
 to 117 Xeal Qf useful work for cellular functions guch as chemical synthasis o
or C)Ju-OSiS. A mu_ticellular organism czan use some of thi..: work for such

~ energy rccmiremcnts as musculer activity (zmchanf;cw eaergf) , nerve.

tranumission (electrical), or, 1f it is a firefly, illumina'bion (elec"cro«

vm‘..gne‘us.c) |
Not only carbcx: aioxif‘%e is re&ucccl by phowsmthesis 3 but other om.des '

pa; a,icularly ni’crmr. and uu_hate, as wells

A Ny + .2 0 &P = 483.3 Keal

3) 8 °01%, +H

2y mo +HO+2H |
' HS'-%—QO- o wlaﬂsg-gn Kéal’

. Some of the carbon dmz:ide is not rmaced to carbchydrate, bu‘e l‘&i’ioﬁ&d

is converted *ao other wmetabolic lrrte e&mtes sucb a8 glyceric acic'i'

5—&)303.,-%*32&,30

HCCH -+ 2 1/ 02 . AF = + 287 Keal
CEh g : .
CHC-OH T L

- cooH

Then- this car b:m ccm;:amm metaboL.te pl‘ug 'xo reduce& nitroge’z uﬁ.d sd.fur

- gre used to mke an amino scid such. &.: cys eines

5} :»z cuozz S ch-sa
ch»or W, ¢ HT —

By sdding equations 2-5 we find the total resction from the inorganic oxides

%o cygteine and o:grgea-

im0 s

uc‘..mg +2E0 &= -18.6 Kesl - |




S R L L A

LTy /_J,.,;_ i R e T T DPUE A TUF N A L 3% Sy R

_'2% v'; .
| ‘5} 300, +2H0+3E * H0g "‘_'_5-%[- - 6 1/20 * E‘i"me

+5hl Y;al o

‘This @xef;is 1lx»trates some rather im@ortan% palnus aboum ?thOAJPt esiag;u L

énd in fo ct abouﬁ all biasyn%h@sis'ﬂ_n _. . i_f'.ﬁ_" } v 1:_ . »; 1‘ ﬂ'?f N

l. By faw the gre@»ek nart of the en@rgy r quired for synﬁheaia oz

'biological o;ganic compound is uﬁed %o remQVu elec%rons xrom oxygen atcﬁa,

'”"'"?'pmducing oxygen gas and at the same time redm,in@ the other elﬁm"'nm t° S

‘lcss oxygena%ed compounds. | v L |
.Oﬂce the Other elemcnts (carbon, nltrogen and sulfur) are reaucedy
auoseqyent reac%ions leaaing to 1arger an& more cemplex mclecales feeuire
rmlat1Vuly small amounus of additional energy, nnless further reauction is
requi"e&. 0; course, when *urther éuction 0»6u;3, as in tha format on of
fats Arom.cafbohydrates, mcre electrsna mhst bm rcmoved frcm the ougben
.in ox&&cs (ia this case wau r} “nd aaditional larre amcuntg‘of_energy wmust
ve usez. ; _ ‘ LT _
Tﬁevaﬁdunﬁ_éf en@rgy @Qﬁ‘uﬁle of e¢¢ctr0ﬁ“tram$ferred:frcﬁ water to
carbon in thé‘forﬁatién of ohyaratus and e*her comrounds with about thé’i‘
é&mﬁ retio of‘nafbon tojoxyg@n {1 0 L) is 25530 Keal (;.l o L.3 voltﬁ):"}
For more reduccd coapouhds such as féﬁs'thm énergybregpira& perimsle;cf
: e_ecbrans aranﬁfe%re& ia lcss - about 00 b 25 Kbaﬁ (0 9 o 1l volts)f —
| In ordzr to ‘discuss the m~chanlsm 0f tais tr&ngfcr of elscﬁ ons frgm"
oxygen Lo cafb@n an& Othcr atams, we must go bﬁck sama time in the
devclopmc 1t of our prescnt kncﬁle&ge of the chemlstry of nhctGSynthesia."'

Over 30 yeara 8g0, Gornelius van Nlel pointe& cut that certain

"?thGSyntheth bacteria use 1igh 'tsvproduce org&nic compound ina manner

- similar to green plan s but wmth ane important dlfferenc . These bacteria, f'




‘sulfur bacteria spliﬁ hddro@en $ulfide t@ give Aﬂé an& ulfur (hqyatien 8);

use hydrogen sulfide, Hé85'an& 1ibé ate elemental &ulfur in¢tead af eyyben o

gas. Yan uiul rayose& that ubesa ﬁwb pracesams dlffercd muxriy in thei;

uhc4ce o“ & source of hydrogen atoms Thusﬁ nlants sglit ﬁaﬁer o &iVm :

oue ro rm of “bcund hynrogen ’ AHQ, and oxygan gms (Fquatian 7), while

Both tbe gr on plants and. sulfur bacterma uhen une the “bound hydrogen %o

:ficmnvert curbon &iaxidﬂ ta orgauic eompcunda (Banuicn 0)

0, * 2 AH ;ﬁ green plants

Eqs s g.ga HQO +2A % lig,h’a
-E‘q-‘ 8 2 uy s 2 A+ Mght e 28 42 Aﬁa . eultur bacteria
CBq 9 2 AH, + GOy ——— (CHLO) + H,0 + 2 all photosyathetic
T . (Qrﬂanic " . ovganisus
ca&g@und) R

Wa e tbat @a“ caun two molecules o; waﬁ&L ori inally spl&tg one

"-‘

’ mmlﬁcule o; wmter is red ormeay when C&”DOQ.&.QAiae is rcduced to carbahyﬁrau»._

Thus all ube ongpn Lvolved in ﬁhoﬁosjntn081a comes lnmtvnﬁaneouulj ;rom

water, ev&n'thmu@h in the overall re&ctlon of mhaaosvntheais aeout half

- of the uxygen liberated uitirately comes from C0ys ;@03, S% R etc.

[+

ompournds which caryy e*ﬁc*rﬂws or hydrogen atoms in axolhgical sgstams
are b=t cne of many types of c actoL@, r caenzymeu.'Coen“ et BYe
molecules which work with enzymes 0 br;&g *ﬁ‘feactiﬁnﬁ. Enzymes are

bxcﬁogical caﬁulyato - substanccs wnfcn cause spec fxc biocacwic¢l fcmctiona

- to proceed aﬁ ﬁxeat ratesy out whicb aro aot ma@cﬁuly ch&n@ed taempulves.

he coe zyme which carries alecw ons in %h@%asgaaaeais is tripho G-

b—‘i'

pyridine ﬁuceawt_de (T?H‘). lt is 2 t& «elGCvTGn carmerp an& when &t rece&ves

$

_ ﬁhe electr@mﬁ which come ulﬁimmﬁeﬁy‘fromrwmﬁer- iﬁ undergp»s ﬁa@ reaction

shown ia Eg. 10, fraﬂ left to ri@ﬂt. The reduced fgrm<(TPﬂH);thns ;

' cer*esPondm o van Niel“s,&ﬂg (Ess. 7~9)
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: - *

AF = + Il Kcal

* ASSUMING : [HPO':_'52] =103 M
[H'] = 10~T M
" and [ADP] = [ATP]

MU-.25610

AF = 526 Keal.

LR

Equations 10 and 11,

5
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.i:ca oxycen to this two—e&ectroa carrxer is 26 Ytal {1. L vnlxs) - wust
aoov* the avera@e ener ay necded %o b*zng about the trans$er of an electren |
from tne uxygcn aﬁom oz watar w a curben atom in farm”na en oraanlc .
ﬂompaunds Thus msst of the energy needea ta meke the orgﬁnlc praéucts_ef |
pLatosynthesia is storcu t@mpor&r;ly in thi re&ucé& cofaetorf'ﬁowever3  .
omewhat wor e eﬁcrgy is reqyirea_to make such cé@@sua&S'aé cafbgh&dxatesg aﬁ&
mOTeQver; energy‘tranﬁfeg‘in biéiﬁg&éﬁl éyStems;'although rémﬁrkably‘efficient;
caﬁ heﬁer hé'lov% effici@ﬁt.'?ér'théée r@aséﬁé, éﬁdloﬁherbglan éd&itionéi”.
carrz 2y of useabl@ chemical energy is regnxred for the phot syﬁ@hésis'qf N
;carbon‘eqm@oﬂnds'frsm COye | ' B v |
This enerEy ca‘rier is ano»hc” CORRIYING which ig ofu great imporcance_
in all biocnemxcal sys%ems adevosive t*xphosnhate (A”P)E.Actnully ATP is an
acia’anhydriﬁe,_aud it'owes its energy storing abilw 5y &o the fact that
iacidvanhydridés upon hydrclyéis'(re?efsé of Eq. 11) give up free energy.."‘
ﬁuring ygotasyvtheéigﬁ Sowe 0" Lhc [Falehadanig abﬁsrbed by bhe n_ant ia
somehovw used tc form this unryu_&de from the uwo acids ADP and inoréanic
phosphate :hich exist in their ionized form in yhysiélbgical pE (about 7).
Unlike Lost aeia &ﬁhfﬂwLQCSg ATP is m@aer&tclg steble in aqueous sola+icn.
- Thus its eneigy can be relcaacd or used oy en ?Jwes wnlch catalyZQ vntczfzc'

reaccicns.'

For the reduction of carbon dicxide'in'pho%GSynthesis, there are two

g . guch rcaccxcnﬁ of gartlcular Lrnartanca. In each af th@ @ avticns the
o _ terminal group of ATP is'%raas e ea 10 an organic mnleau_e mhere 1t serves

o PCuiVB@G the nolecule towaras a suoscgucnt biochamica& reactieu uhat

woudd not aaherwmse take. place.

-Ycu:ﬁili note that the en nergy recuirea per wsle of electrons transferred -
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Cfn Fi . & wa eea thc relat&on betwegn thn ruactionﬂ which convart

the cof orE . o uheir engrge tic and r@&uced form», and the reactlcna

vhwch utiliae the cefactars for th@ reduction of carbon aioxide and ather

lae¢ an* *pe ay tbesxs of or&anlc ccmnound Se FOLl@F&ﬁ@ the abserptian of

&nﬁ by thﬂ plzn gigments, the enevgy o& the e'citea 31 nt is convertea o

rgy 1¢ uﬁiliaed in ccmverting aéencumﬁs diphosyhute and ins;ganic wbo phaﬁev

+¢ the acxd annjdride ATP.

%o some form of chemical pntenﬁmal. This cheaical poﬁent;al in turn 1s used
to spliﬁ wa»er by removing electrons frcm the czygen atcm of waﬁer gnd

- uransm mg 'thezm to TeE" to makc TR, At ‘chc same tmc ; scme of the light

These two coLabtora then are used in tne prlmary c&rbon red uction cycle

o mahe argan*c wetabolltes. These oruan_c mnuaualitea in turn BrE usea zn the

synth@sis 0f 1ﬁrge* mnlebulea such as cakbehydrates, fats and prcteins._

The syntheszs of proteins of course also’ rcqnireg the reduct ion and incorpor-

atian of EUIf&tm and nit r&t09 88 daas the oynthesis Qf some cofactors and

XA

nucleic aeid bases.

For the purpases of discuasioa,-ﬁhese twe sets of reactlons may be

considered separstely. We shall turn our atﬁanﬁian first Lo the'synthetic.

reaciions, ebout which we know more. The basis of these sywz%ebic reactxons

is ﬁﬁe carvoen reluctiaﬂ cjcle (CalViP Cyclh) mepc& bJ Frefesser Calvin nd

5 “'h’&
essociates ’ . This cycle is ahewn

ks lifzeﬁ Porm in Pig. 3.

Lnergy 1npuﬁ iato uhis CJcle may bc vonﬁidered ms ﬁtﬁftlig w*th

- the reaction of ATP with ribulese OB

nvsnhdte to form ribulose d_phosnhate..

A

4
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early stages to

“carbon reductionjin‘photOSynthesis. .
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This addition of a second phosphate group to the sugar molecule mokes 1%

sufficiently reactive to undergo & carboxylation reaction in the presence

of the enzyne carboxydismutiease, in fact, ribulose diphoéphate'is the gnly

2% poat o

sugar phosphate found thus fer which 1s capable'ef undergoing such & resction.

In the carboxy &%ion rcac%ian, earban dioxidc is incorpcrated inte the »arboxyl

group of an nms»able Bix carboa comwouﬁd, ahovn in bracxeta, wh~ca then spli«s

0 two three carbon ompoundg. A° shown here, %bese two carb0n fragments are

o phosphaglycerxc acia, PCA.- :

‘" Before the carboxyl group of PLA can be reduced, 1t st 'irsﬁ be

wog

’actlvated in a reacticn with adenosine triphosphates The % rminal npOapnate

‘ groun of aazﬂos_ne s LQLGSPh&ﬁe is transferred to the CarbOYJl gfuup, making

“ 8 REW acia anhydriue. ”hls acid auhydrlac, is much more reactxve than the ffCu

acid unl unﬁergocs reduction OJ -rx . The p; ucto of the reaCuiun gre inoy ganic

’uuosphate, TPﬁ cand 3-pho»phoglycura¢dcnyae£ a*th ee Co rbon sugar phosgnatev
(3:;o“c phoéphatc) B o -\\
A nunber ¢ﬁ_reac£ions'fhen occur'wbicherSULt in thé;canversion-&f
five molecules of triose phbsghate to threé molecules of ribuloae' 

woncphosphate, There is ne input of nveruy in the form oz encrg ie

cofactors %o any of thcae reactlons. The pent ose monaphosp A ia of ohe

same reduction level as the triose phosphate, an& the reac tions- leadiﬁ@ fwomﬁ

triose phosphate?to.p@anse phosphate are all ac'““ill rea sns in terms
of eaerdy.
Each of the three molecules of pe coe whosphate are cmnv&rﬁed’by :

ATP to pentose a:pho pnate. The se pentose diphovp; tes ﬁhen react wvtn three E

molecules of carbon dioxide. Fir wlly, six molecules of PG& are formed. Thus,

for each cou @l turn of the cycle there is inccrparation of thrse no*ccu«eu

of carbon ﬁio cide and the prcauct:oa of ohe extra thres carbOn arganic

compound , ;ubh as triose phosghatv.
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The bill for this cerbon reduction is six molecules of ¥PHE snd nine molecules
- . % ul
of ATP per complete cyﬁlé revolution. Put another way, o m@l@c*‘es of TPHH and three

- -

moleculies of A“? are regulred fa: each molacule Qf carbon diozid reduced Lo the

level of carbehydratss

- -

e have alraaay.said {£q. 1} that the energy ét@red in the reducticn of carbon
‘dioxide to the level of carbShyéraﬁe is 317 ¥eal, when water is épiiﬁ‘as'a gource of
elecﬁrcasQ The ccenﬁ e eneréJ bill can be cbtained oy mulxiplyznp Eg. 10 (TPHH form-

ion} by two, glving 105.2 Koal and Eq. ll (Aﬁ? @redueﬁion) by three, giving 33 Keal.
The total coumes to 138 Keal vorth of ccunzymc energy expen .d.‘We can therefore
| calcuiate that 3 h'?“ffi cilency of the carbon recuction cyvle as just formulacea is
117 over 138, or 85’}3 e;:::.af.gcﬁ.enu. - - R . o |

fhiz is & yamarkabia e“flc;eucy partic ‘~~ly 4f we caﬁsider the cyclu in &ll its

details; as shown im Fig. 4. There we sée soe i5 or more biachemical steps; all of which

! - - ' ) y ..
are proceeding with a net rate in the forward directicn under 5teady state conditlonse of

photosynthesiss The difference beiween 138 Kcel expended and 117 Kesl stored, or 21,

ks : .
Let us examiae an isolated step in these biochemical pethways. Consider step
&y : N
A+EB e + D, at stcedy state, wiers § = lorward reaction; b = back reaction.
—
s ' . . . .
2 : .
. 4] ) .
5° T {vhether reaction rates arc Iirst order or not)
2 ici {pi - .
AFS = AF° - {al [2] w. TR tal i e . £ —
= AFY - RT in «ET~F~I in EIETT5T o s s e The fres eaergyv
4 ‘x,.) it

change at st&a@y‘st&ﬁe is thus relaz:a to the forvosd and backword rates. hot» that

7,

&@ reprcse&tb the free energy chawve under steady state conditions. In other words,
the ectivitic: have been corrected for the concentrations of metebolites actually
existing duri-g the sﬁea&y:ﬁt&te csaditiansh. This means that ?he:reaﬁtaats

and the produ..is aibng tﬁe biochemical nathway have been 50 édju e} T fﬁ the
re  crgy of every step ié negat ' 2. The magnitude Gf this negative {ree

o

Gnergy cha w\nEe per Su@p is & ref ection of the ui“ficulty of that particular

rcpreSLnte the drzving force which mhwws these reactions procesd in the forward direction.

SR Feg o R R AR
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:' H HzI ®triose phosphote c ) . . . .

' \Hz?°.® ; HO-?H dehydrogenase  3-P-GLYCERALDEHYDE ~ - . : S a

: )c—?—on | co3 TPNH HpG-0® Co :

v "0 _ v ATP - ' &
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Figure L. Carbon reduction cycle.
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@‘c«ip ) o & sm"; of cbesnic&l i’riction vhich has to be overco.ne by tna
p@%en‘ti&.‘. as revr ntcu by the naera'tj.vc iree energy. - R

- We can Lllua't ate thi.;. more spccimcally ’oy nmﬁng “che actual steps
in 4 Le carbau rednctlcn cyv~e. The fi“sﬁ of Q@w@ is the phospberylatbon

reaction, in x«hmh A’EP cxonabe.s l‘LS ternﬁ.ml phosphate geoup to rinulosc

moncp}:oophaw. M steady s‘tat;e con&i‘bions thﬂ “"z‘ee energy of‘ thia reacti on
is estm‘ce at absu’c ~3 ’{cal. Thus p cf the .13. imal avaiiable fro the A"’P
molecule; axmuh 8 are atored in tha sug,ar phosnhate to make AT mowe re@ctlve

_and thx-ee are mcd to dr:.'sre the reac’omn in the f@m&rd ﬁirectz_on. '

L

I

Phosphorylation Reaction

H . c H : :

. - - H |
H=C-OH ¢ 9 H-C-0-P-0- - 9 o

. + [AMP] -0- P o- P O- == o4 F AMP-0-P-O- +H? R

; 0 O e o- !

R o R

AFS = =3.1 Keal
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Eiext comes uh@ carbaxylation reaction :m which CO a&ua ‘co the f:?.ve : | oo

' carbon’ sugar diphosnha‘ceg the pmduet is hydrolﬁically 5p1it %o makc two_' -

alf-s of PGA. 'Ihe‘i‘ree energg chan{,e e:. this rezction is es *L:y.mﬂuea at a.‘*zi
: \‘ ':A
lezat +7 Kcal. ‘l’hia rela‘tivelj large :E“-'ae ennrgy cMg,e unc‘ler 6'08&.6\,7 wtc.be L
conditions follawa from the fact that *‘che reaction is 5 rather comple.,c ona |

' J.nwlving several s‘cens and conseqaently 2 raﬁher high aegrca oi' cham..cal frieticm. o

{l
-
[ - - o
-Carboxylation Reaction
SR R R v
H-C-0-PO3 | QH -C- -0-PO3 , ’OH -c-o- P03 |
§ C=0 . CCOH CCOH
: . ! ol HOH - -0
G + H-C-OH o .co ~
s : T o+ ‘
| H- c ~OH | - c OH © 0-C0 |
HCO',’_O HCOPOs v"HCOH |
H.o 0 N I | M- c 0-PO3 . |
. . H ‘ '.
S ' ;
AF~=-7.3 Kcal



}mhe next étéﬁ ia.ﬁhé feduetiOﬁHreaetidn; gnd the first:atey in the
| edvcgion is the phuspanrylatlon by‘AKP of the carvoxyl group of PGA., The ipterf
m@&iate ﬁ tnia case has ntt been measuved; but i* is reduced ay TPEH, gl vi;g'thé
>iéi oge phasohat», which is & a;dehy&u, innrgpnic 9hosnhaﬁe, and oxidized T%ﬁ?_ ,'
and tha %ata‘\frem emargy change for'ﬁhese w0 steps 49'-2.8 Kcal. However,‘: |

tnis Valua ig ba»ed uycn certain aasumnﬁions as ﬁo ﬁhe relatch levcls of tae o

CO“B@JE”S 1ﬁvalved.

IoT
Reduction Reaction
:

4,0 | ,0 .
R-C.~_ + ATP" ~ R-C_ + ADP~3.  AfS
0 ~0P032 !

40 L0 o
'H+ + R- C \—2 + S
{opogz * TPNH = R- ¢ (y * HOPOZ? + TPN* AF
AFS = AF] + AFS = -2.8Kcal
when [HPOZ2] =10-3m, ATP TPNH _
: - [HPog I- "M, 2o ="' TeN !

RPN

B




A number of steps are involve& in geing from the trioae phosphate W

the penta @ phoapnatb. Ye- Will not consider each ox ﬁhase in deuaﬂl, but I

i,

will disuuss the four klnds of ”eaction. The iirat of these iu 2 kind of

»,

eps “u-lZaﬁloﬁ veactlo“, in wnich Oﬁly uh@ mcvwman of a

nydrogen atom is' v

involved. This is rather simplc reaction aad.qniue preaicUab*y, its free edgégy

B

1

. chén&e unaer @aeadj state ccn&ition ﬂs sm&ll. T} econd tyne is a condensation

reacmion, in waibh thcwe is Fo*m@d & new carbon'cafben bona whlle at;%hg samé

.tlmﬁ th@-hyuro zen atoms move. In this case the free energy change is.éomewhat"‘

greater, 1nd1cating a hkghev &egree of chemical frictlon.‘: s ;:- .,"lf”

) , _ Iz
Sugar Rearrangement Reactions -

A. Epimerization

-—

’ 91 v T H
IIH (o] H OH 1
; { e e H-C~OH
r_u—c OH < C-0f =  ¢=0
. 1
R R R.
AF® = -0, -0.1, -1.6 Kcal ¢
é
' B. Condensation
OH 7 O H OH
T v Il ol
R,-C-C-(H: + C-R; — Ry=C-C-C-R,
' OH H' OHH

AFS = -3.8, -3.3 Kcal
’  MU=17116

i e

...,..,_ﬁ_i_,
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Also involved are hydmlyses of plmszshat@ bmdﬁ, in the case of fruc’ma
diphawhme arid ned,oh@?‘tulos‘e di@noap&mw, Th_e se hydmljoes inv:;lvcz rather
.:.wge nega'tive fm@ @n rgy chaﬁges. @‘bis B‘;;ems no’c 50 mmeh from ‘ehe reaction_
m.:ing a cawlicated oue s ‘bu‘t rauher from ﬁﬂc fact thau wder steady state
CQI‘.dlulODS bﬁ@ru m *m good. way ‘co u‘ci.L. 28 w energy. li‘oerated in this par‘cﬁ.cz..arr
bmchemical ceguenc < As the result, the wncent*‘abions and uhe actmvitie@ of
the d,pn%pha tes drop tc ve“y low* levels during, ﬁteady state pho’cosymhcsm s
v'.‘ra nd this m‘trcduccs an emropy tem uhm thcsu reac’can’ts ui‘ah very »mall
."activities havc ’ca unu,ergo nydrolysis. Censequﬂntlj, ‘t‘.he re Labively large free :

| energy chan ge occaro.

oz
Sugar Rearrangement Reactions

4 .

* . .

| - C. Hydrolysis of Phosphate Bond
¢ | [}

! H-C-OPO32 + HOH —» H-C-OH + HOPO32
| | '
i

AFS= -6.4, -6.9 Kcal

D. Transketolase ' H
| : oW H-C-OH
; H-C-OH  H-C=0 | C=0
H 1 [} . H\ ¢O i
j . 9=O + H-CE-OH - Cl 4+ HO-C-H
VL s [}
% , | H-C-OH R, - R H-C-OH
- - R‘> v | K ‘R,

MU=17117 -
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Eba finﬁl tjpe 0¢ raaction 1nvolved is a %rans&@ Oluue react&on, in which
the vc woy car%on atom» of ohe sugar are tLQnsferred to anothpr Uga”‘
cgusing a diﬁmuﬁat n in the chain lenguh of the two sugara. This woul& seem

to Yo & 1azrly gom@l@x feacoion, buw aotually its mﬁchanism, not »ho:n her ;

i
3

'wﬁich iuvolﬁus addatiqm of the tvo ca“bcn *ragwant first to thlam1ne pyrophaapha*e,

2 ¥
f

is in the ﬁature of an equllib*ium reaCuion awd ioS frce energy chang? is
agﬁinj“athﬂr ﬁ“all o |
In sumnary, th@ npgaoive frce en rEy ewnenditure may be ﬁhought o;
és“provi&in~ a driving iorce to makﬂ rcnationa 3] a a ruwid 1et forwvard -
rate. The dlstributxon of free energy among tne variouu reactions éaponds
upon ﬁhe'ecmyiexiﬁy or chemical frietion’ex the pﬁrticular sgep invalved.
Tow ie%fﬁs turn our stiention tbvﬁhe c&ﬁ%réi brob em of photoayntﬁeals,
the couversitcn @f lignt or electrom@gnculc anﬁrgy inma chemical poten ial
and the GQHS@QﬁﬁHu proauyﬁiaﬁ of CO;&CLOK& in their rcauced and m@re energetic
forms. Pirst of all, how much energy is available in uhe liuht utiliae& by

the y,ant for ohqt¢u3 thesis? This question consists of_%wo'narQSs l) what.is

the ensrgy of th li@hn phosons used by the pl&ﬂ 7 and, 2) Lau'many pnotars

are required fo 54 @ivﬁn amount of phououymmneéia°
The'ngnc yle pigre s in rmost plants azre twn forms of chlorophyll;

chlorsphyll a.ana chlorophyld b. These nbgm Ats have their wain sbsorption

in the blue an* the red. The other most ca&a&a pigment found in higher

;

- plants ard al\,aw ar» carateno;ug. th s 0¢ the absoﬁptien bj tntsc pigmeﬁt

aa& other acceﬁsery plgmenta is suan that the planﬁ absarbs thrau@naut the

2

vi Dée, but vitn gammwh&* less. abzcrpzzon in the green ‘and ycllcwa The result

' 13 tham m@ct pladﬁs avpea% green tc Gur eye, duﬂ to ﬁhe elatively greaver

v;lectioa Gf the éruen and yellaw wavelcngths.‘



hss been shwn that light of a.w vaveleng ;6h fron M}OO to 6800 aboorved ;

by the various plam pigrents can he. eﬁfecmve 3‘?02‘ ‘photosmmeﬁisg, '&lthough

the efficiency with which liget ebsorbed by the carotenolds is used is some-

3

times less thag *a" e efficiency wi‘th?hﬁ’;:éh : chlgropbyll—absarbed light is wsed. :
In any went s it is geuemlly accentx,& ‘fhza*t matever the waﬂ;e length Vo;E‘ the
light absorbeay the result ing exci“sca s'tatas o*" ‘che plgmca% are ener get‘l c:zlly
degraded to 'the level of “the excily e& state of 'the pigment if itwéreto: absorbv
in the lcmge* mvelengths Specifically, 1% appears now tbat excitn.d. states |
of pz.gments eorrwpoming t@ $he abs@“pticn of about 670 m am 700 g ar

the states 3ctual...y mmlved in the enerz_:;y ce*xvnrsmn aur_na pmtoaynthcuim
Thus, we must assune that there is avallable fcr the subsequeat cmvwsion

to chemical potentisl only_thm*c smount of cnaruf cmrreuponding co lir* of

the wavelengths 670 and TO0 my. "‘he ac}.di vional enerey corresponding to

light of shcaj{er wmvelengths is presumed to be lost in the conversion of one

eyc{ ted state to am’cher.
If we spply the eguation E = b ; where h. is Plank®s cansmn’cvand
is the frequency of light, and use sullable factors to converd from ergs 1o

calories, and if ve also multiply by Avogedro's mumber to go frow an

individual photon Yo a wole of photoss (an einstein), we Find that mgm

.

at €70 my has an éner’ggy of k2.7 Keal ger cinstein while lizht at 7\,«; 1Y

Las en eﬁe:@r sf 0. 9 v{c@l per em.;."c\..;.ng

We peed a..ao to know how pany 'ci»ow:xs are ac uu:a}.ly uged In the red.uctlen )

of one molecule of car‘aon dioxide &nd. the evolution of one ;mlecule:of oxygen
dwinv "oho’c.csyn%heaiss. You will rt—:*call *thz"b in the formaticn of car’mhy&mt@
uhe.re is & ""ran er of four electrons f:c'c;m owgcm to carbon for each mleuu‘ie

of oxygen gBs evolved from m'ter. Were photasmaihesi& a s:,m_ple 1}mmcn@mcal

reaction in which one electron was transferred for each guantum; it is obvicus

T AR R e e TR e e ety Ra”
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that the r&&&ctian‘af one CO m01ecule‘waulﬁ-havm fcur qﬁanium proceaé..Thﬁsg-
the enerey avaxlable fron uhe light would be four times ko, or &roub 160 (cal
. per mola o* 0009 more tﬁam cnough o bring aboui a net free eqergy SQQ”&S@

cf 1&?.%@&1 tn the formation of‘csfbohynrate'fram carbon diloxide and water..

«

in fﬁc%, fcur ainateins Jould more than pay the toual cgenzymc energy bill

per Esle cf curbon aio ae redaced, mhich was two moles of TP -and tnree msles 

;r
i

of ATP, or ‘37 hﬂﬁl inall. ,_'.  “" _"i{f B o “ }
”The‘qnan Sum reqpirement of ph@tasynthesis has been studied for mang

ye&rs by a great nﬂmb¢r o; invautigaaovﬁ. any Jcars 880, Warburﬁé foun&

Quar»um.requmrewentu ef abouﬁ four and_he continues to fina .ou “QQQLrCanﬁ

T

aometimes as 103 as three’ . Th@'vast majority of oﬁher investigﬂtora stu&ying
this problem huve foand wuch hx@ber quantan rcqpiremwnzs for phouOQyntheuiay
_an& there are at present thr .chsols ol thaughtg'One'grOUQ believes the
'§uantum requiremsn%vtolne eightA, ﬁﬁat is, ﬁwn light'qﬁéﬁ%a‘ﬁer.elécﬁroﬁ
tréﬁsferred, and'one groun; principally Warburg and.coworkefs, béiiéve the
8,9

qaap eq;zrempat 46 be four or legs. There is aaatner groun who feel

that the guantun qupl?cmEﬁt zs.uo Wl eré in bctw*en, pﬂ";ag six or seven.

We are in the latter caup, having mcaﬁufad in our own lsboratories guantum

reguirements of gbout seven, which we believe éo e sgffieientiy'éccurﬂté»

to enablé us £0‘conclmda that the‘gmaatum,r@quireméﬁt is éefinitely less éﬁan

‘ o . , o _ ‘ e
Bince tL@ qpantum reaulrament Féaéuremoéﬁs_hé§e béén generally iﬁcdn«

clusive, most workers have acandoned theé in favor of trying o leaau more

Uoout the spacific mﬁcnaniums o” the reac », %hich'will ih‘time tell ua;,v7

A&Cﬁly what the qpanuum requirementﬁ of ahatouyntbesis are., It weald tak

volumes tc &escribe the-work conclunion» and hypotheses in thisg flela, and

. el
(SO RAR. I
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T shall confins myselif here to presénéﬁ,ng & scheme. w'i‘iﬂ.c_;h I b%lie\fe repréaa@nts the

et

stest hypothesis for ’the conversion of light energy and the ﬁransfer of electrons

m water %o comc sora with the conscquen‘t aomauion of ATP end TPHI.

‘“‘3.

mat ‘are the key °uostanﬂe¢ :‘:.mrclved in 'bh:’z.s llﬂ_,h’s ccnversion ar.d elecworg v .' . !
ﬁrwmi 7 ir‘sﬁ 'uhc"e appear to be twc pi";ment Syu’t&mﬁ ’ each of x—hicb nas a :ole |
in caz;’cwing lijat energ;sr and ho.,&ing that enax*'gy‘ in en e_:_cci‘ce-di state of the %
molecule m.‘sil i‘t can be convertco. to ¢ Dmca}. po ential v :‘Ihe_' two pigment rec;uﬁi;“emnt
is a ra’s exr recent dmelcpmun‘c s stemming from the uork of E‘ °rvsén}ll el elaboﬂi
by the work oi‘ Mcyers 25 3, Frenchlh' and others. Bz z.ei‘ly, *these .:tudiea show t"ua‘t
light of az"ow& TC0 m which is absorbed by the ﬁlfaxzt is nc*t ‘effective by itself in
nroducmg o.&ygen evo.a.ut* on an& photo.syn hesim. Howwer, 1i‘ ..ight m 670 m. is also
'..,sac.wd, taen pbo*touyu h@nis is’ produced not cm}.y by “bhe added lloht but by the
."3’00 i) light. In o‘aher words, the "hwo different klmﬁ.s of light are ac’cing tobetner
o prouuce r_.zore “yhptosynthesis than the sun of the wo acting ‘indepen clent_,,;.
Bifferérﬁz pairsoi’ waveléngths"than the pair just o.escr_i‘ced .are required for -
certain spmcmllzed phocmymhe‘cz.c oreanisms. _. | '
Besides the ylg;men*t “ys&m 5 it almeam that a cytochrsme pigment’ 1 part‘s.cul»
arly cyuobhrou. £, is invelved in the pr.w.arv act of p?r\otcayn thesis. It wes found
that when chloro;@hyl; a was illumingted there was an izmediate exida*“ion of .
cytochrone T 6. Chance &cmns rated "cliat this oxidation of cftochrczme bj

-
ﬁ'r
k]

. chls phvll coula ccour even a% liguid n..trogcn ’c enpe ratm:‘eﬁ « This meant -‘c.Lat

the cymchrome oz:m.ation was 2 solid .,tate;» 'mac uicm - one which a..ci not

i

v-ec;;.ir@ the “.cvem,nc of atcmic nuc‘é.e.;. Lviaence for the iorma.’cion of unpaired

nlecﬁ rons an .Lx*ec raéz.cals at 1iqw.d nitrogen tempe: atu.ces hac. previousl

been ebtaine from elec*c ron spin res anmce s_tudies ,ny Cax.vin and coworkers e



: 0 cnlorephyll a caused the oxidation of cytouhrcme, while illumination of

Other substances vhich appear to be implicated in electron transport frof

water to ”Pw ncludcd plastoquinOnelQ"perhays other gquinones, such'as_'“, ]
vitamin K?o, ana maﬁganese e, -;v,* i:j  f"_h . R o L '_'  .‘.f
Using plants in which the two p*gmenﬁ 8ys tems were Shfficiently ﬁiffcrent- 2o

40 . pcrm** “‘vm to be 1llum1nated separatexy, Buy%ensl6 found that llluminatisn[”

thc accessory pigmﬂnt cauaed the reductzen of- thc cymochrome. Fuftnermsre, '*

'certain innibiuors of oxygen evolutlon in photosgn»hesis were found by Duysens

to inhibit the reductzon of tne cytochroma by this accessory pingﬁu.

.The cone luuion to be drawn from, the facts just presentaa is ;hat in ﬁhe;v
plaunt just deseribed; 1ighu absorbed by the accesséfy piéﬁon*vrésul (2] in the
novenent of eluctronu from water to the reduction of cy%Oﬂhrome T whi;e lighﬁ
&DaOpr& bj chbcrapthl a 7“&;u.?.’cs in the movement of e ectrons fronm ﬁhe cytociromé'
£ to uhe flnal‘elnﬂtron accepuor. The latter substance in turn would redn~e TPR
‘o TPEH; TheSe conclu51ons fln&,further support in the worx of Witt 2, who

has applied flashes of bright light of various_uaveleng%hs to photosynthetic

rt'

organisms'éu& has studled the transient changes in the absorpiion spectra
at various ﬁavelengtﬁs, caused by these flashes of light. He haa'found’a'
nunber gf aif ferva transient changcs with various btime conatants fo” thcif
formation and decaj. BJ many Car eful experiments he has been able tc as s?ga
these chﬁnges %o dnccific steps in hhe elehtron t”anspart chain.

Wz ot has . added ‘o his systems subs t NCEE . capao e of car“y ng oaﬁ ox1uat10n
ana reauculon &% variou» poin%s oa ube ¢h ﬁiﬁ anﬂ knowmnﬂ ox 1aation re&uction |

potentials 0; ohese addec sqbstances, he has assignoa oxidatlon reauctLAn

‘potentials to various cofac»crs involveﬁ in phaﬁosgntheﬁic electrow tranﬂyo

on the basis of their resction wi th addea snbutanceo. As a’ resulc e- ‘nis. s%uales

[

and his assignments he has postulated the scnem@vshown ia Fige 5 o
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The es sen’h..al xea bures oi‘ this scheme are as follaur Beginniﬁg at the

left hand s;de F a pm‘con of light, s h\) ; is abaorbed by the chlorc'ohyll -

&

|
|
l

pigment and ca.,zses the. transfar of an elec‘hron ﬁom chlorcphyll w‘ Bome aCGep*cor; Ze. | |
According tc; witt vs ch lo*ophyll hes an ou&a ion potential of ol vclt.» 5 and.
Z an oxiaamon ;po‘cen‘cia"‘ of ~.k volts, so ‘that the ug:* has acwm..:.shcd the.
transi‘ez‘ of an electron ag.ainst 8 po*‘cem}.al oi' .81{» val'cs » about 19 b Kca}. A
per mole, and well ‘with:?.n the %0.9 Keal available frdm_'an *eins‘cein of red ligh’r.. E |
In it8 reduced ).Qz"n, Z is a sufi’icien*uly s‘crone; feducing agent to reduce - ’
21 to TPIH. o
in the meam*im, 3 the pcs:.tixrely cherged chlorophyll a j whlch in rcali‘c;

way be an elec tron hole in an array of chlo c}?hyl}. molecules » 88 suggest ed

. 3 ‘
by calvin 8,. reacis ;ﬁ.-t:h the cytochrome in & nonenzymic, dark reaction, %o

make the reducded form of the cytochrone.
T“le .reduced form of uh:. cy’cochx.o*ne *then indergoes an em;mie reac’aion
wit th some o’cher ccenz,fn-e with abcut 0 volis cxidation potenﬁial. The energy
Liﬂvl’ ted in this process is coupled with the reaction lca..ng to “the |
formation of ATP f;.romw? and inorganic phcap}m‘ce. The amouint of energy |
liberated for one electron would ve 19.4 Kcal, more than emt@z,‘cé mke an
AP molecule. However; such re é tions gre usua_ily considered. to require
Lwo e* lectrons trans‘fevréd per ATP fomed, in vwhich éase *’:,‘ézere woﬁld. be some
38 or <9 z(cal, encsugh to make tm ce mlccmw f:»i‘ ATP 2.f‘ ‘che mactmn ‘afefz’c in _v :
severa_}. sm—ps._ . o . .' o | S P i
- The secofi& lig}iﬁ reaction, cne,xm.t.czﬁ :m. scme'plaz.xﬁ is a“CO”"p.Li hed by
BCCESEOTY pig;mmm » c:"u.;es i:ne trans;er o; an electron f“om a hypothe'cical

su‘astance Y ‘t.o X, :'c‘orm:ng in J‘ae proceSa & vary trong oxidizing agenu, X >

with a potential of +0.8 volﬁs, enomc_«;h o stmp an eléc’cron; frdm the oxygen of



SC N AN

water ané. fcmn m&ecular DIyZen. ?resvmbly “che Tea c‘cmn ba‘c,wcen "‘ am Xfis

also & one elnctmn trenafer, w‘mch would resmt in the Stﬁ)rage of sone 18.1&';{933. -

'nurgy from the }vﬂ Keal available in 6’(0 w ight. L
ﬁs Jwt poatnﬁa’aed, %:aerc would ba t.wa phawné reg_ui.red for the 'i:mmfer
of cach clac mn *‘rom *cho c:axygen of watc; ’m *:m‘x ko] m.m mm, and cmaeqwntm
, smc - four elec*‘arona ms\. be tﬂ“axmfcvrcd for cach c*zrcon dg_s:u.u,u reduced,
this mmd bc an ez.g’a* guantiom requimment proees.a. Sirce i believe ‘ahe
gu& tum zsequiz*cment may be less than 8, I an lcd %o poetmte 2 .goai:.icd.
v scheme in w.n.:.-ch an'e ‘of the pho‘tcchemical stepa transfers not just che electron,,
‘:mf* %o. If ve allﬂw the other phe ochemic&l Buﬁp o tran.»fer gus’n one
electron, we ‘_,end w with 2 quantum reguirenent of ‘1.5 per electron, or é‘ix
quanta yef carvon dioxide mleénlc reduced. .' . |
At the ss.r:c time, in order to uug{;ﬁ?‘""” roles for the remaining substances,
which are believe@ %o be involved in electron transport, I have put them into
my very hypothetical scaeme, w’hich ib shown in Fz.g. 6 . e | -
How this scl et is certaxnly <he vary sketchiest kia& of hyyo%bes;
and the only f}u.L“lg ertain gbovt it is thel i% m".‘},l be changed aa sO0n B
more inf‘omm‘béton is known sbout the primary steps in phatosynéhesis;. However, .
I oeiicvé it afscs illustrate the kind of syé-tam vhich 1s probably involved |
in eléctren tregnsport and comc'tm* formation. |
In the Tirst step we have the 'g’eo T :a,,,gw bcing used to excite chloro-
- phyll a to a"n:'-éxcited electironic ::,t-n"e. S@&? in xuind. ﬂmt sny light of shorter
 wa clengt y h¢ve ‘been absorbed eick“¥ ﬁy cnlorsahy»l & or b or’s |
" accessory pig&:@m‘c and *{".mnsferred o the partiz;ularﬁchlnrophyll“ & moleculé : .
in which the euergy convemion is tc SCOUT . R | | |

For the pm’nosc. cf capturmg 1ight q,mm‘ca oi‘ all mvelengths tnere arc

et il sl AR AT s e i A O, AT ot
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probably a great many more molecules of pigment than there ere ‘of those

pigment mleculcs involvecl in the ac‘m.al energy conversiom. Park 23 has found

o

2 unit within the structure of the éhlaranlas‘b which he C&llw the gu.w. Lasoms

Y

This uals, ,’“iei? has been revealed by electron micrwccpe pictures, sppears . V‘
Y ve an ultima"ae: .wxi'ih for the split’cizi@ ofi" vater and transfer of ",elec‘cjrdzis
from water to the ?'cé.uc:.r.g agent. It is af‘bau‘t *O‘E} Rby éO‘O 8- an é‘-:;la"ce |
spaero:.d. WQ believo that chlorophyll molecules " aoout 2‘:}0 to 300 of ’chcm,
are some.m arrayea. on the surface of this partlcle s uhe wain body of *«mich iw

p?*O'tein. Sauer end (,":ed:\rimzl‘L

haVe ev‘icz,ence ‘that of ‘chese chlorophyll mlecules s ._f
perhaps Wenty, arx. oriented ina regular arraey Emd 'chey bellcve Lat this array
of ch..crophyll mlecules is a*l; a pary icw.la.r locus on uh@ quan*aaomv. Light
absorbed by aay of the pl@nen‘c malccules of the mntasw& ravelu by e}’ci‘ccm
migration or resonsnce trensfer from one_ m:‘;_lecule o another mztil it reaches
%his particulai'_ locua' of axfraye& chlaropiﬂ.;;ll’mlecules. Then chargc separabion
taked jplacé s With an eleéftron being tmnsferre& from a chloz‘opﬁyl}. molecuie to
the electron acceptor, wbi:ch I have shown &g QH, in my scheme. The Aeléctron
hinle or §os:§.tz:ce chayge re;éui‘&izi from this cherge separation then migrates
| ":woug,a the armv of ordered chlaropﬁylllmalecu}.es; to anobther site at w};ich
it e:{tmcts an electron from cy tocm*eme £, cazm.ng the oxidation of the _cytééx:fome; :
The pur e e of " the array of chlorophyll molecules is to separate ‘physically_ |
the electron aécept@r and the electron d.cm_ The potential between the o R ) w
accmmr anu th doncr gre such ..hat ‘Z:hcy would 'react with each OJ‘Z&EX‘ it ‘the_,r |
were in close cohﬁact. Once tke electmn z,c.cep Lo is re&uced# i‘b 't;hen can ..
reduce TPN to T‘tﬁ. V |
" fThen, just as in Wi‘i’:‘*‘ﬂ E(an.mfc_, I bave the oxidized c“ftoc.l"ﬂ‘c‘*e reacmn@

t&.oxidize anether ¢cofactor which I rave labeled @_:32 ‘Fhis reactzon :x:ay a.nmlve

acnagns e L

o frts s e



the co@lmg of encrgy iﬁ%d 'the farxﬁafiou'of- ATP;(’mmAL‘P and iﬁoi‘ganic_
_ vhesnhate; .Sfé.nce coeﬁzym@ Q, or u’bic_&,uinone,- ié “i'}hau@;ht to play a réie in ATP
mation during ”eu:pimtory elec‘tmn tr&aper’c, we have assi@ea nlasm- S "
c:mnmc s a slwilar eomnm&, the z'ole of RT}? for&“.atim &m& electmn ‘branspcrt |
& ""‘lﬁ;_«g phO‘tGan’GhGSiS. Its o*eié.ntieu, @oten‘tml, mreover 3 appeara to ’ce abou’q o | »

the one roqui“ed ;or itS pcsm‘:::.on in this sch&..e

' 'F’Le 670 oy liuht reac‘tion I vieu,..lize as an excitati oxﬁ éf & ma_nganeve :'. | }
atom ‘bcu. d m a hezm. gzigmn’o in much the @am way that iron is bo.mc‘% in heme | H
in the cytomroma and ‘ma@nesmm is baund‘z.n ch_oropbyll. The excited mungpnese  - o
heme corpound thex}l undergoes 8 reaction in which two electrons are transferred :
fzfom é‘&ouble ‘aorié. between panganese end oxygen o the pla:stoquinén{a 2 - . -
returning 1t to its reduced form. The remain’.in@. oxygen manganese boad is broken
and ev‘en*cﬁ&lly f:e;‘?.?CYge:i.t'rga_§‘-g;;=. is evolved. I nave ‘not indicated aay &ei&iled o
mechenisa for this ‘oxygen evolution in “r.he' scheme. Conceivably caroténoici
compoumis s esyecm.a.ly such ‘oxygen carrying cnes &5 lubeine and vibmﬂn'i;’hine
:my play’ 2 ;.ole in *e;his ‘pfocess.. The hnw then reacts with a water molrculc
and forms once ?u&ll @ mengmnese oxygen double bond, liberating hydrogen atoms.
Yow this .éy_cle ;ﬂ in which mengenese in & heme pigment plays & key fqie;, is'tﬁe
most %ﬁypéw‘:}le'i:ic&l of ell; and will aluost cer'tainly prove o be incorrect 'as
fonaul&%ed here. Whet I do wish to suggeﬁ*t 1s fnet wongEnese is :E.n some vay
Z&"G@Sa&l"y’ for t.z;,.. photoc%zemical tramz».cr oi’ "wm clec “ar*o per quanmm of w&tewﬁ S

- to some ccf&chm with abou‘c thu o*cida‘tmr @ m}. of plastoc;uinone. If th:;.s - )

| hap_geas , some _s‘;' Xeal of the. 1&2.8 Kcal availeble in a 670»*m;; einstein would
‘ he a,»ed. ' ” k S -
FO thé i‘crmtiaa of i.hme molea of A‘.‘."P and twu mles of TENE, the

cf:‘iciency would ve 1,,7/(2 % !a,e 8 + B x &o 9) = 56%, for the formation of



.~3:0*
1/6 glucose and o,},; :‘x‘om n20 sma C’OE s the effici eﬁcy wculd be 2@?;%
How I J.ll summwiue tha capture aad convcraion of emr&z by @ho’cosymhetic‘
. 'Eiac.t;omgnétic energy with wavelengths from koo m ”ca 700 oy is absor’oed
ke} p,&ent mle '*s - chlorophjll & and b, smé. ﬁcccssory pi{_;ment@ - walch sre
meably cia.snrs.ba*oec. ovcr 'che surface of & large ;gx-otein molecule. The resulting
eye:;:‘*nd state oﬁ tbg pig;caents 15 'hrans:.erred J.rom one plgment o ano‘chcr, um.il: .
¢ ‘ 4 :
it e&c”*es an organi eﬁ. arr@y of chlomy"zyll molecules. ‘I’hex: .t‘ne en\:rw of %e
'»exc:x.tea su’ate is conver‘ted. by an essential}.y‘. sal..d' amm pmcess '?;o < cnarge
ucparatlon be'%;ween an electron and an electron ho‘ S ”he electron eve*z.‘cually
| reduces an enzym‘*c cofac‘cor s mﬁ mking TPNE . The hole mgra‘c.ea ‘thrc:u@
the mg;ment ar‘f'e;y, untz.l it can oy:idize & cywchrcme mhcule.-
bic cxidl cﬁ cytocb.mmes cxf.dize ano»he- ceenzm » aud. nemaps in the
process prodz..ce ATP ) this .:’cen being an eﬁz;mic res cuion. Tzze oxidized coenzyme
as*t in %;urn gc @lectren.; fron waler, ancl since ‘this reac tion reau,ms a Lrge
w put of en@rgy it mu,s’c. alao use Lgh‘t abscrbad by The piéuﬁnu systx.ms ‘l‘his
oxidation of water somem:%«* re‘qm.res EANEANGSE, pemaps in the form of a;
@igamn‘b; Also ’clée Yra:::e s‘pli’ating ‘reacxiﬁm appears to utilize a different
_wi@m’a aysten, sm cannct be effectfea 'bj abscrp'tioﬁ of .ligh’:. of wavelengths
longer then ETC . | _ | | I o -
The _‘;ransgor‘ls of Tour el ctrona (lioc-*atmg vc,fne- 0.2 ‘molﬁcu'le) ‘ré‘quires
six or eight abotons ; &ene._d‘ing on the sss L.z&}? tions made ; and Qm&uces two
molecules of ‘“‘P‘m and WQ or uore 21}014,.&.‘0‘10& of :Z‘P. The o rerall ef iciczﬁcy

S

for t@e p oduc on oi’ ths:sa cofacw?'s would not oe much wore than 5% deaenﬁing '

on t‘qe assa,,otions and. ‘based on the utxliaat"on of red (670 ané 'ZCO m,;) ‘igbt.

%
%

Wi uh shorter waveleng‘ans the energy ef fficiency d@creases in ;oropermgn o

wavelenglil,
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" The ccenz‘yms - three mlecules of ATP aﬁd two of TPEH. « are- use&. with

raamrﬁable ef‘fz.eiexxcy {pe rhaps 85%) 0. reduce 602 to. carbahyarates and o‘chcr

yreduc ts. ATP actimtes metabolites by increa»ing the.ir energy content and

uaximg; them moru. evctive towards carbowlatmn and reduction. ‘EP K, waich o

carries the lar ser part of the chemical po"c. ential frem the Mgh*a ruac cicms 5

reduces & c“r‘ae*:yl carbcn ‘bo an. a..éehyde c&rncn. The ener@: Gf ‘the cocnzynes

not sacred as chemﬁ.cal pa‘cential :.n thce final @mﬁucus ’ y“ovides the <:11~:.v:i.,..j~>

force’ to ma}*e a complex seriea ox reactions px'cceed at & rapid *ate in ‘che

- forvard &irec‘bicn.
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This report was prepared as an account of Government

_sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

:A;

Makes'any‘warranty or representation, expressed or

_implied, with respect to the accuracy, completeness,

or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report

~-may not infringe privately owned rights; or .

Assumes any liabilities with respect to the use of,
or. for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in -

this report.

As used in the above, "person acting on behalf of the’
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or. contractor of the Commission, or employee

"of such contractor prepares, disseminates, or provides access
“to, any information pursuant to his employment or contract .

with the Commission, or his employment with such contractor.





