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PHOTOSYNTHESIS 
J. A. Bassham 

Photosynthesis is the synthesis of o~sanla compounds · 

such as starch ari4 &~.&gat~ fl'om 1norgonic:: aubstanoes including 

water and carbon dioxide by liv1na plant cella us!ns the 

ener~tY of light absorbed by the plant pipenta. Photooyntbe• 

ate in all land pla.nts and in most •ctuatic plllnts forma 

oxygen gas in addition to organic material. Thls type of 

photosynthesis is quantitatlvely by far the most important. 

Hovevert some mieroorqanhms perforom other types of' photo .. 

•ynthesb which do not produce oKygen. 

The 111.\ljor photosynthetic reaction• '•hlch produces oxygen, 

is expresst1d in words by the equation t 

WATE:R + lNORGI\N!C CO!oii'OUNDS + LtGHT --;. ORGAIHC COMPtlUWDS t OXYGEN, 

Organic comr•ounds are compounds of tho element c:arbon 

excluding ita oxld<Jft and nltrides. The orH•mlc compounds 

made by photo.'.'lyntheds in the nreatest qu11nt l ty are carbo-

hydrates (including uu~ars and ~tarch), amino acids (from 

which proteins are m.1de) • und fatty acids and lllycerol 

phosphate (from which !'tlts a roe 1Ntd4l!). The inorr5anlc 

compoundu requtrod for ewery pro<luot of photosynthesis are 

water (H20) kbd carbon dioxide (C02). ror the 'Jyntheds of 

a11lino ao!da* the elements nitroW1n and sulfur are abo neodeda 

Thefle elementf:J may be absorbed by thft plant in the form 

of thelr rucides, nitrate (lif03) and su.lfaih (SO~). or in 

other, more reduced forms such aa llmmonla (NH3) and hydroSten 

sulfide ( 1-12s). Other ttle1nentG built into or$i!an!o compound• 
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by photosynthesis include phosphorus (which the plant 

absorbs as phosphate), and the metal ions o.f iron and ugnes• 

1um. Hanganeae and aevtral other elements are enential tor 

photosynthesis• but are n~eded ln only trac• amount•• 

In land plnnu, all of thue inorganic compounds. except 

co2, normally are absorbed through thll't roots, co2 is 

aboorbed by land plant1 from the ~Jtmosphere where 1t occurs 

at an average conc:entratlon of 0.03\, The .co2 enters the 

leaves and o2 escapf~Q t'rom tho lculvt'aB vLt small openings 

ln the epidermis eall~Sd stomau. The <)penin~. and closing or 

thG stomata are controlled tJy spttcial cell&, called guard 

cells, which are also grEH~n celb • cnp.able of ped'orminp,: 

photosynthesis. when the light falls on those cfAlls • they 

photosynthesize zmd the produeta of photosynthersh cauze 

the eel!$ to axpand away f'rom the openlng making tt larger 

and permitting rnoN~ co2 to flow .into the leMf. Thue tho 

stomata need only be o~,en during active photoaynthesis. The 

ation • ia controlled by the stol'r.llti!!, a! net~ m.~,st water vapor 

escaping from the leaf passe~1 out through these optminSia• 

whi,eh they livtl. Carbon dimdde end bi.carbonatra ion ( Hco;) 

both are present in lakea and s~ea~ and <lira diractly ab:~orbed 

by aleae and other water plants. 

Light h a re,.etllnt in photosynthesis, not merely a catalyst., 
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Much of the light an~rgy used by planta to drive the photo-

synthttdo k'Oact.ion la stored ns chemical potential enerr.v 

1n the products of the reaction. F'ot" oxygen-evolving photo• 

synthesis • all visible liRht from <Violet (wavelength 14000 ~) 

to medium red (7000 R> h 12ffeetiva to S()ffi4 extent. for 

certllin types of bact~rial photosynthaub J.n which oxygen 

h not evolved add! tiona! lon?,er W('lvehn!r,tha out to the ftir 

red (9000 X> are off~ctive. 

!Hetodoal. The dbcov~:ary of the nature of photoayntheillll 

goes back to the be~11nni ngs of rnodorn ehert~htry. In 1772 • 

Joseph Priestly found that several dt'lys ,,rter tH1 placed a 

had burned until thGJy went ont • thEl air was "ro:stored", and 

the candles ·would burn i'l.~ain. ,JI!n ln~en-Hr>uSz ( 1700) found 

tbat light wa$ necessary fo~ thin restoration of the ~ir 1 

and Jean Sunebiar (1782} showed that "fixed air" wao trans-

forr.l,.,d by photomynthos h into "pure a tr". '.H th the dhc<:wery 

of oxygon by t,avoimlar (1775) 11nd his discovery that "fb.ad 

from thene early findinr?,r::: that plants conv<llrt carbon dlox.l.d.B 

to oxygen in the! Hf~ht. Th~ role of W<lt~r remained to ht11 

established by Nicol~s de }~aullHura 1n lBOB. 'ijy careful 

exparimenta, he dutarminr.ld the increa~Se in dry wois~ht of 

a plant arowing in a pot of earth. H• also measured the 

volume or car-bon dioxide takon ur' tlV the plant and the 
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volume of oxygen evolvad. Ho confirmed the fact that aU. or 

tho carbon made by the plant into oruanf.c maturbls comes 

from carbon dioKide. At the su·.e time, he ahcwRd that the 

increase in dry wei.r,ht of the plant w.as litroater than ~he 

difference in wef~ht between the carbon dioxide takl!ln up 

and the oxyg~n ev()lved, How0ver, thil weight of the soil in 

tht# pot dld not change ~Jir.;nifi.c<~ntly~ Tho only othE)r eourcfl 

ot weight increne was wat41r\ thu:~ water h a reactant in 

photosvnthasls. 

reaction had to awllit the development of thet concept of' 

chomieal eMr~y. In 11-3~5 Robert t4ayer r0cogniz.ud that thli' 

stored chomicnl potanti.al of tho p:roducu. 

TI1e Role of Photo~yntheMia. Tho n~t r~sult of the 

Spi!olf'ic chP.mieal eq'.lationa for each photoGynthetic product. 

the equation e 

wh!oh saya that a ~reen plant ,,onv~rh the energy of li~;.ht 

plua 11ix molecules of' w<tti'lr and dx moleculcrs of carl,on 

diodde tnto a mol.aqule of ~lucoae and dx mtlleculea of 

oKygen. (ilucon~ b but one of lnany carbohydrates t'ormod in 
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plants. A general equation for the photosynthesis of a 

carbohydrato with n carbon atoms 1s' 
' . -

~reen plant 

Equations for the formation of other types of organJ.e 

eompoundm are: not as slmpltt • and when an itmlno acid is 

formed, addid.onal lnorg,lnic reactants are required• as in 

th• formation of cvoteiner 

2 • + light t I C02 +I 1120 .+ so4 t N03 + 3 H 
!ltrecn 
-~ c311702NS + 5 l/2 02 • 
plant 

The fact that light ls a reactant in photosyoth.,sla 
•' 

is more t~asily understood by considering anot!l>lr chernlcal 

reaction ... comhuatJ.on. GlucotHI h.« subunit ot cellulose, 

a major constituent of wood. 't'he e(~uation for thP. combustion 

of gl ucosa 1st 

·---·__,_ 
combustion o:r 
respiration 

Tt)is 1a. the· revarse of the equation for tr.o photosynthesis 

of glucose • exctlpt th.lt heat and other f.orms of ~nor1JY 

are produced more than ll1tht. iiy tho principle of 

Gnergy, the revorae 1 photosynthetlc rmnction must absorb 

enervr,y. 

The biolo~ical eomb1.tstion rol:lctlon is cillleo:l ro!lpiration 

and ls repres$nted by the sam• equ~tion au for non-bioloRical 

combustion. All livinfit c~dh ~~XCO!>t .17.r<um plants in the liRht 

must Nly upon biochem.tcal roactions as ll sourca of aner~y. 
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Rtu&piratlon is the principal one1•gy-produdng bloohemicul 

reaction. 

All life processes roqulre a continuous.: supply of 

antu•gy• and light energy oonv'lrted by photosynthesis to 

chemical potential en~rli!Y of orp,anle matter and oxygan le 

the only sign:lf'lcant primary source of Ell'lerny for life. 

Living colltJ then reapire ("burn") these organ!.c compotanda 

with oxygen • harnesdng part of th~ energy roleuod by 

tho reuni tlng of oxygen with the elements o·f carbon. 

hydrogen • nitrogen mnd sulfur for une in vadoui.l lifo 

processes such a; movement <1nd ~rowth. As oxygen combirH)S 

with these elements, it forros their oddea t~hich are 

cnrbon dioxide • water, nttrat<a .land ~.H.alfr~tfl, r.md the cycle 

is completa. According to E.l. Rabinowitch, all organic 

matter now pr-es•ant on aarth will be oxidiz~~d by combuation 

ttnd rtlspiradon with in ten to twenty years. If this mat tor 

wor~ nat replenished by photosyntha9is durinR that time. 

all life would stop. 

The chemical hash for ~.mdt'fW storage by photo(.lynthesh 

and energy reloa1.ua by respirrati.on h in larne part th(l 

react.ivity of' oxygun. Thli?l cloud of Gl~Bctront'l surrounding . 

the nucleus of a noutrd. oxygen atom contal1\a two electrons 

less than thQ number neodad to satisfy the most ffltable 

electronic arranoem11nt for thh dement. ror this rttason, 
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preaenoe of t~o addition4tl oloetrons by forming two 

partn'erships 1 called bonds, wl th other atoms. An oxygen 

atom can fovm bonds with two different atoma or it can form 

both bonds with one atom, In each of its bonds the ox.y~~en 

&tom contribute~ ono electron and thB oth•r ntom nontrl• 

gen atoma contributes its s1n~.V& elc!i!tron to a bond with 

the oxn~an atom• thereby fulfilling the hndency of 

oxygen to acquire two additlol\lll electrons, In co2 • two 

atoms of oxygen eillch f'or111 t1110 bonds with the single 

carbon atom '~htch has four bondinR electrt:ms. Thus in 

H2.o and in co2 the oxygen atoms sat.l3fy thair requirllmenta 

tor electrons tor f<ltablo arrangament.~, ilo~t~e'ler, when two 

oxygen atoms bond wlth each other th0 posi tionr; or the 

electron orbltnla ab<>ut the nuclei are Auch that only one 

bond is formed botw<~en the .:;atmns. Tbir. uu!lan!Z that the•t 

only half fulflll thci.r requirement i'or elQctrona. 1'hare-

fore, thf) o2 molecultr~ is rtll/.ttively less mtiiblo than co 2 

and H2o. Tht' orR,anic prtxhtcts of photo~'vnthe~~il.~ such clB 

carbohydrate, {CH20)n <!ire '-JUi.te stabltll, dnce C, H abd 0 

all havQ roquirements 6f·electrons for mtablllty aatisf!od, 

The photoB'fnthetic re.t~cti~m making C<'lrbohydr6te thus 

converts two v~rv atabla aubstane~s, co2 and H2o, to one 

stabla substance, (CH20)n• and one lass stable substance, 

o2 • In doing thio, the plants store chemical potential 
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energy, obtained by transforming absorbed light ene~gy. In 

o similar way, on~rgy h stored in the photosynthesis of 

fats or pk'oteins. 

When an element los .. ,s electr·ons, or haa bondod hydrogen 

atoms removed, as c.mygen of water does durlnF,t photosynthesis, 

it is said to be oxidized. When an eloment ~aims electrons, 

o:r gains bondo to hydrog~n, as carbon doea during photo-

synthesis, it is add to be reduc<ad, Photos;yrtthesis b 

therefore am oxidation of water coupbd with reduction of 

carbon dioxide and other tnorg,lnic oddee. 

Mech~tnhm ot photouynthesio t Photo and synthosls 11taqes. 

Although the not result of photol.'aynthesb itJ the tranS>fer 

of hydrogen atoms from oxygen to carbon {at~ wall an to 

nitrogen and sulfur} by mE~ans of light enargy 1 this fact 

does not demcrlbe the mec.hanlrsm of photosynthesis. For 

many years scienthrto were misled by the seemingly simple 

but untrue tht5ory that o2 wns somehow formed from co2, 

leaving c<trbon (C) to l'iitact with 11-:~0 to form carbohydr.n~ ... 

(CH20)
0

• Then photosynthesis by certain sulfur bacteria 

which do not form o2 led c. e. van Ntel to realize that 

the oxygen formed by photo~Syntheds in oxygen-evo1vin~S 

plants comes from water. Theme sulfur bactarb car.l'y out 

a reaction which cmn bu wdttan: 
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rea~Soned that all types of photos,yntheds could be repre-

sented ~1 the equationt 

light + C02 + 2 H2X -> (CH2o) + 2 X + u2o 

where X .h oxy~en in oxya;en•avolvlng photosyntheda, but 

h s\ilfUl' in the photosynthesis of sulfur bacteria, Ho abo 

proposed th<tt thh reaction occur:~ in two sta.geaa 

light + 2 H2X + 2 A --~ 2 All 2 t 2 X (photo-stage) 

(synthesis stage) 

A is some compound that carries hydrogen .at-oms from water 

to Co2• Support for this theory came from the discov-ery 

of Robert Hill that broken up or patrtly inactiv.atod gr.aen 

cells could he made to carry out a re11ctlon in tha Hr,~ht 

in which oKygen is evolved but no co2 is rttduced, tn order 

for this reaction• called the Hill renetion• to work, 3ome 

chemica.l must be added to scaept the hydrogen atoms or tho 

electrons split from the water- molooulo. Thb chemlc.11 h 

called an mttdh1ng agent beca.Ufle it takes alectroM or 

agent is quinone, wh.ich l'lcoepts two hydrog~n atoma dnd 

becCillles dihydroqulnone. ()that' lllll oxid.i zing a~ents of.ten 

contain iron which h.:t& lolitt thrue eloetronti and earriftm 

a +3 ahnrgo ( forr.te ion • re3+) • As the grocn material 

hs Ulunl.f.nated • eleatronSJ are trl!lntJf6rr~'}d from water, o2 

is evolved, and Mch plus 3 iron ion gdnn an electron ~mJ 

2-t beeomeR +2 iron (ferrous ion. re ). In this case, only 
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electrons aro tranaported from the oxygen of water to the 

oxidizing agent, As they are removed from the water, 

hydrogen nuclei come off into solution az hydro~en ions 

(H+). It is now thought that durif)g photosynthe~itll lti:ielf 1 

somtt steps in the novt»ment of hydrogan atoms from oxygen 

to carbon take place llii the independunt taovument of electrons 

and hydrog.en iona. It is the movement of electrons from 

ono atom to another that ia important. f'or hydrogen ions 

can be released to the aqu<~ous tsolution or absorbed i'rom 

it au needed. Tho Hill rtuction, ln which light energy 

is used to bring about th<! movement c.Jf ellllctrons fro!ll 

oxygen to an ox.idizing il(.l:lilnt probably ls similar to t1·1a 

photo- stage of photosynthesh. 

The theory that 02 comas 1m•tantaru:lH)U:Sly from -~wtor 

during, photosynthesis t~as furttHar sub~1tantlated by Samuel 

Ruben and his colloague~ who l.et pl<mt::; photosynth~Hlizo 

in water anrichmd ui th the he.lVy oxygen isotope, 18o • 

in plact~ of ord inury oxy·!ien ( l6o). Plantr.• cannot d iut in&uinh 

isotopes of the same eloment whon they ar.e ohem!c.llly 

identical, and so the pl.!mt~'S use 112
180. jwst the Slime way 

they normally use H
2

15o. Th<3 ovolv<;ld QX}'~ttm gas wHB found 

to contain lllo. In another f.lXperim~nt just the oppo.:>ite 

kinds of \4a ter and co 2 wero used. ;.ilwn the pli.ln t:l photo-

syntheshod with \12160 and cHlo2 the 6VOlved oxy~?,an 

contalnad no 1o0 i'.lt the st;:trt of the t'!Xparirnont. 
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ln the l950a Daniel Arnon and other scientists learned 

how to· prepare plant c:ell !ra~tments which can perform the 

eritiro photo- stage of photosynthesis. Under llluruination, 

these pr .. ;parations tNnsfer electrona front water to tho 

photosynthetic oxidizing agant which then Lecomos the 

reducing aient for the reduction of carbon dioxide in the 

eynthes.h stago. This carrier of eluctron::» i:;s a c:Oiilpound called 

triphosphopyridine nucleotide. In it5 oxldizod form 

it is denoted as TPN-t 1 while after it accepts toto &lectrons 

and a hydroft(en ion • it is denoted by TPNH. TP~lt contdns 

a pentavalent ni trogl!!n atom ( lt has fcmr bond:!! and a + 

charge) while in TP!Hi this nitr•o,'ten atom is trivul-ant 

(three bonds and neutri.'ll)e Tht:se form!l correspond to 

van Niel 0s A l!nd AH 2 • TPN-t (reduced form TPNH) is a tyf.)t~ 

of comfJ<.>Und called a coenzyme. Coonzymeu ~wrk with enzymes 

to brinu about chemical reuc tlom> in H vin12: systf.llM. 

enzymes are biological aataly5ts - they cauaa a chemical 

reaction to proc~Gd at <.tn acceler.Hcd rate • but are not 

char.~ed them~~elves in thEil process. Moat of the cor1verted 

light eneray that in stored 1n the photo- utt:~ft);O is r:ttored 

. h ~ by t e movement of electrons from uate1• to TPN • This 

!ltora!ie of emar~y has a mechanical analogy in the ~lumpin~~ 

ot water from a low lake to a pond high on a hill above 

the lake. The enf<lruy uru~d to make the pump run i~ stored 

in part in the potential energy of the water ln the pond 
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on the hill. If thu water is allowed to flow back down the 

mountain, tho energy liberated by ita fall may he usflld to 

perform useful work. 

In an analogous way, energy is stored when electrons 

are taken t'rom ~tater at a lower chemical pot~ntial and 

transferred to TPNt • which holds the:n lMs tightly ttlan did 

the oxygen in w,':\ ter e \ihen TPtHI r~lea;:oes the sf! e loctrons, 

useful ctHilmic;1l work can be rct•formed. /\n .i:1rport<mt 

add! til1nal ;:unount of' energy i:> stored ,1nothar Wdy. Accom

panying tho tr<ln:'lport C.\f electrom; an(>ther cc);:m:z.:t:n<' 1~hich 

is really an aeid anhydride h.: forme(l by tiHJ (~limin••tion 

of water fi'om lnorn.:mic pho:.'>j")hate .i.on ( HPO~) imd an orr~nnic 

phofjphate, 11d~nosinc diphosphate or AD?. This rm.Jction crm 

be represented by tha equ..:I tio11: 

AMP-O-P020H + HOP02011-> 

ADP pkosphate ATP water 

Thi:s is tmother (~xample of ,;1 chertl.ic,ll react ion which ;.:;oi'Js 

in the dir<~c ti.on 'i~ri tten only i.f ener:z,y .1:; surmlhd from 

noma other tiJource. Tho ravar13e ro.;tction, in wr1ich tt1o 

anhydride reacts witt1 ·water to make ADP <lfld phosp'1att1, 

liber'i'J tes energy. The formation of ATP hi found in a1ll 

biochemical systems 8 <md h a uni varsal moc~umbm for 

storing .·md transportln~~· chemical energy. The A1'P often 

gives up its ener~~y to othor chemical s.ubstancetJ by 

reactlona which replace hydrogen with phosphate. Thus a 

12 



sugnr, which can be represented by R-OH can be oonv~rted to 

a sus;ar phosphate by thG reaction t 

ATP sugar 

Tho sugar pho:ilphate h<lll moro energy s.tor~d in its bonds than 

does augar, hence it is mor<:~ roactivo. 1'he fol'mdtlon of ATP 

during photosynth~ds is C\llled {:.hotosynthetia plwsphory-

lation or photophosphorylation. ~oth ATP and TPNH, formnd 

concurrontly '"'1 th o2 by th~ photo- st<1~~<?. of photo~~ynthe~d~), 

is reduced te> C<'lr:bclhydr•ato and otlaH' ot'\~·CJ.nic compound~l. 

pitaroonts. All photoayntlH~t lc plants contl'lin ;!l<>ma forrn( s) 

ot the greon pi~1.illOl1t, chlorophyll, ;and nrolltlhl•t al.l contain 

contain chlorophyll ! (C 5 ~:iH 72 o 5 H 1~Mg) 4md chl.o~'ophyll !?_ 

( c55 11 70o
6

N411f'.) and 1~out" mi'l·)ol' cilrotenold~1. /; -carotano 

( c40H
56

), luttilnc ( c40 H56o2 ), vlolax..'\nthln and neoxiilnthin. 

Some al~aa contain ossontially the aam~ piRm~nts, but 

I ruany alg<:~c have other plgmcmtr; which dH'f~~r from theaC~ 

enclollltH1 unit clllllod the chl<,ropla!!it which 1m insidu tho 

green cfltll. Th~ green color of plt!.lnt o.:tllm la due ontlraly 

13 



to theso chloroplasts, since the remaining part ot the cell 

has no areen pigmentsi A typical chloroplast 1s ehaped 

roughly like a bent cucumber and ts about one micron (one 

thousandth of a millometer) across and four mlcront~ long. 

This shape and size varies considerably. Large green plant 

cells •. such as occur in the leaves of many land plants. 

contain many chloroplasts. 5rnall unicellular ~lgae. tor 

example Chlorolla pyrenoidosa contain only a s1n~le chloro

plast, which oecupien thl'l greater part of the cell. 

A chloroplast is a h:tghly complex structure. This 

structur~.a can be .soan with the electrtm mlcroacope which 

permits v'iewlnu, much ume:.tllat• structuNHl tMn can be soen 

~ith a light microscope. The smalloat particle which can 

bo distinguished (resolved) w.tth. the light mict"(>Gcopa is 

about 0,5 micron. By 19tH, electron microscopes could reaolve 

particles one thousandth tlutt siz~ (O,b millemicrons ~ !i ~>. 

under the best condition». The electron microscope has 

material whtch somati.mes extend the langth (lnd breadth of 

the chloroplast. The repeating .interval (thickn~as of a set 

or. L-tyers) is about lGO ·~ - 220 l. A set or liiy~rs a11poars 

to consbt of a s.'lnd.wich made up of a layer of lipid. (fat 

and dmilar suhmt<.tnceo) and protein tJlobules betwl!en two 

smooth layt1rs of llpi.d ,1nd parhi'lps at.ruott~r~l protdn. 

The globultt.s ur$ about 100 - 150 ~ thick, 'T'ho !lmooth layers 
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are c'losted at fhe oonds. mnklng a unl t like a very thin 

onvolope. In some chloroplasts, particularly those of leaf 

cella • thes·e layerB • ealled lamellae • are thicker and stacked 

mora closely ln.some reqions ot the chloroplast. These 

region5 1 called grana, nre often circular. In nome pictures 

made with tho electron mlcroscopa these grana appear like 

stacks of very thin hotcakes. The regions of the chloroplaots 

in which th~ l<sr.~ellae are thinner and loss abundant are often 

ref'e.rred to as the stroma. RegnrdlesG of the pNHumce or 

absence of grana, the site of .the ph()to~ $tage of photo• 

synthed!l la CO!H!ildor.er1 to he in tho lamellae, Hhich 

contain the pigmf!nts. It is r.luspected th.nt th® stroma is the 

site of the ayntha$ls atsgo: that ia th~ reduction cf c02 

to org;.Jnlc compoun(h. The rola . ,:)f grana in h tglv:lr plant~ 

evolutionary step towards a more ~ff'lc !cant flct., of enrargy 
the 

and materhls thr(>Ugh / complex but microoconic living factory 

we know thei chloN,pl.a.~1t to !:Ju, 

Scientists havB broken up cell$ aThi lsol~ted whole 

chloroplast3 by grinding up spinach leavos, sep~r~ting out 

th~ large p.lecl)s• and thv.m spinning down the chloropl<1Bts 

out of the cytoplasmic fluid in a centrifuge. PropQrly 

prepared • these chloNlpl&ata can carry out photosynthulSls • 

though the t•ate of carbon reduction is 3lowor th.:m 1n tha 

whole plant. Chloroplasts hav~ been broken up into smaller 

15 
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and smaller fragmenta by means of high frequency sound waves 

and in other ways. Particleo or different $bes are 

separated from the mixture by centr'if'uHinH <'lt several 

speeds 6 In; this way, t:>ardele!!i containing only ono to s l.x 

of the vrotoin and lip.id globules plus some of th~ smooth 

layer :have been obtained. Theae particles still contain 

chlorophyll and other key compounds. ~·lhen illumiMted they 

absorb light and perform the Hill react.ion, doscri.bocl earlier, 

in whlch they tran'lfer electrons from ;.tat"'r to a sult.:tblc'! 

elootron acce ntor, llndtbr ttome (!Ond.i tion~ • theme part ic 1 as, 

llko larger chloroplast fraHments, can tl!'lQ. llg~lt oml}rp:y to 

make ATP from AfJf' ilnd inorg<llnic phcspi-)atf!l;;;. The 5m~~ller~t 

partlclo Hhlch can U!Hl light enel'gy to triln:'lfcr mlr3ctrona 

from water to TPH is do fined .:~.s a qu;Jnt;;iU!)IM'!. It appF.~ara 

that tho quanta5oma r:\ay h~ identical .,l th the protein-llpld 

[llobule. 

Und~r suitable conditions, another kind of material• 

soluble in water and colorlass cnn he obtain~! from the 

chloroplasts. Thh mi.'tterial it> left aFU!" all the green, 

particulate m.9tter is Bpun out hy e<~ntrifus.~ation, It 

contains the protoin m<>l(~cul•!S that serve as enzy~os. or 

biolo<Jlcal catalyats for thf!l reduction of cnrhon diox:ldo to 

or~anie COI!\1)0\lnds. HoW<'!V'lr, thl11 soluble fNtctlcm cannot 

rfldueo carhon d irodd'!f tutl0~~~~ it i r. ~uppl ted w 1 th ATP and 

TPNH. When thin soluble mat~rlal. itself unahle to m~ke ATP 
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and TPNll, b mixed with a ~~reparation of small lamellar 

fragments, tho mixtul"e Bhsorbs light and reduces co2• Thtt 

lamellar fra?,ments plus the soluble protP.inB and other 

substances in the soluble fraction are thGrafore carryinR 

out photosynthesis. after recombination of the two prep.:tr-

at ions. The l.liMlllar fra~ments perform the photo- stage 

whll~ the soluble fraction performs the $ynthesis- sta~e 

of photosyntheais. 

Two very impor-tnnt qu~:gtions about th(~ mechanism of 

photosynthesis aror ho~ do the ~uantaGomas usn tha 11~ht 

ener~y absorbed by the pigmonts to c~use the transfer of 

Qlectrons from water to TPN~; and. how rto thoy use som~ 

not completaly anawdrad, It now ap?a~rn that ulectrons ~re 

is, they occur sront~naously and glvo up enar~y to the 

·rwo of tha .;tept;; .tf''i) thought to be "uph.{ll". Th~i.J(' 

lllteps require <m hwut of cmorgy from the lhrt)t. Tl1t:! evidence 

indicates tllo'tt the ll~lht ~nerg·r ua{,hl in O<:~ch of tho?.a two 

StQps may come from a sp")ciflc r;.lgm~nt uystom, 

The electrons carried from tho oxyr;:Hn atom of vv<ite·r to 

compoun4. Not all of these~ electron carriers have bf.len 
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identified. Scv0ral of the electron carriers contain oxidizod 

iron which lacks t~oto or threa electrons compared .,1ltlt 

metallic iron. Thel;e farm~l of iron are f'errou~ · iron, 

abbreviated f\'! 2+ • an.:\ fer-ric t.on Gtbbreviat<~d re 3+, \~hon 

reSt accepts an fll~ctron it bec:)m~\5 F(~2+. The o.lao.tron, 

whlch has one mlnue ch<n:·~re. neutrrAllzar~ one ()f th<i! iron's 

posi tiv~ charges l~h.i.le it is being h~lld by tho iron. Tha 

re3+ and ra2+ carriers are not free ions • for thoy .:u·~ 

hold by special orglini.c compounds. On<~ 't.lff(tct of thc~se com;lounda 

is to make the it·on hold al6;!ctr'onG l'!h:;~re ·or lo~"SI tls;!ltly durin!,l 

electron transport. Thus the tranuf•r of an ~lectron from 

one bound i.ron atom to anottl''n:• iro!i <ltOi'1 !ic.lld by a different 

or?,anic comf.wund l'l'klV ra.icaso. f'lll<lrgy (dow11hlll stt:p) if the 

accep·tor iron holds m,,;,re tightly to the '~lectl•c.m than 

the >;~ivor. or donor, iron, Othl'l1" ste?S in tha t~loc.tron 

tran!!d'er may be p,~rfor•m.~d by other met:al aton:s • p<Jrticul<trly 

rn.arr,nP.slum ( ~ig) and n~<.'lnganr.!S<:! ( l~n), .;)nd by other types of 

111loctron C<lrriors. such ,;~t; p1astoq,uinona, 

The absorr;;tlon of light by a plg:rMmt rnoloCLlle l'€Hl0llt:i 

in an increase of ener&v of t~e molecule, The molecule is 

than ln an excited state. In this excited state, soma of 

th~ al~ctronm of the molecule have bean shifted from their 

normal orbi taht ab<'>ut the ru.w lt~ut> to ()ther orbi t.:~ls in 

which the molecule haD ~ greater total enorgy, If the 

electron~ rtl!turn to thc~ir normal orbitals, the rncl~aule 
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returns to itm ,;round $tiltf) ond '-~ives off energy, as emitted 

light • as neat • or by some chemic11l raaotlon. tn photosyn-

thesb 1 the return o:f' th~ excited pigl'l\tmt molecules to 

their ground nato iti ,rlccotnpanicd by the transflllr of 

el~ctronr:t in one of the 11uphill" st.:::ps bot~-~~un welttlr and 

One or f:iOre of thflf ttdownhill" steps of this electron 

tranaport giv~s its enargy to a reaction which makca ATP 

f'rom ADP and inor~anic phosphate. Thus photophosphorylation 

is accomplished, 

Synthesbn Th6 reduction of co2 • The synttH~:5ls of or1~ctnic 

compounds 'by the I'eduction ol co2 (and of ni tr;lttl and !Htlfl'lto) 

also hk'lls place ln the chloroplast. The steps in th.i.a 

synthesis are moadiatad by enzym$S IJUd coenz.ymes. The 

coEmzyme~ ATP and TPNH come from the ph~to- reaction in "the 

lamella and supply t:t~ energy <lnd el!?lctron~ nt'!C~S6i<try for-

the synthetic raactionB. 

Tha r~Bcluction of C02 consists of tha tram~fer of ole•:troms 

to co2 , As a rasult, some of the c-o bond~• are replaced 

by C•Ht C·C and Q ... H bonds. This Ntduction of C02 takes 

Place in o.number of' steps of r~hieh some 15 or morft! are p.art 

of a cyclic saquonce of reactions db~coVEtred ln 1'353 by 

Melvin Calvin and hh cen.,orkora. This grl)up used radloactivE) 

b l4c. 1 1 1 ~ dt car on, an ,, tracer e _ement . n p .uce 01. or , mtry 

carbon. 12c, to follow theg pi!th of cetrbon from co2 through 
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these reactibna, In 1961 Calvin w~a awarded the Nobel Prize 

in chemi~try for this work, 

The lmr>ortant CQ/Qpound.!i in th(! cyclic pathway have from 

three to &!'lven carhon ntorii!J linh0d tog(;,the!" in a chain 

so that e"eh carbon ;ltom ba~' one or two bonds to another 

carbon atom, ono or twr.• bondo to oxyf?_tm, and one or 

two bonds to hydrogen, The tottll numbt~r o.f bondB pe-r carbon 

atom h always four, /\11 but one of tt1e compounds in the 

cycle artt sug.u• phosphates, Thctt ia, they •lrcJl ~mgar:!'l to 

which ont\l or tllo phosphate groups (-OP0
3
H-) have r(~nlacHd 

OH Rroups. Thtl othar compound is a.. 13t;gar ac.id phnsphata 

called 3-phosphoglyceric a.cld and abbreviated PGA, It in 

similar to 1:1 sugar ph~..··n:Jph•.\t•i! "d th thr.(te carbon <'ltri'Ml hut 

differs .in that ona Clf tho C•:lrbon Dtmns has thrE~'~ bondl'l 

to 6XYl~en. 

On~ of the S\1 11-nr phosphat~~r. "'hlch has ftv~'l carbon .'i'l.ton':l 

is cnlltild ribulofttc monophospha"te, ATP f!'(}•o the photr•- !lta)~0 

reacts with ri.bulosq mcmnpho~rphat';'! to 1dd 1\ nc~conct ph<.1raph"te 

gruup and m~ll<e ri.buJosc d.tphospha.te. The .!iddition of this 

extra phouphatc~ !?:roup g.lvan tl·w r:.ompound mora ennr>'l.V 

becauae it now cont.:dnn :Jc:;ma of the anf.H'!f.Y th~ t ha:J bo•:m 

ator-ed in tho ATP mo.lrdcul\'1. ConGI~~'J(mtly, th.f} ribulose 

diphosphata has a str1:HIW.H' tandenC)' to N.;act with cthnr 

substances and to form new bonds, 

An enzymfl.! of the chloroplast t>iml·!'J C02 Mlr.l ho.h\-:.1 1.. t lln•l 
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a Hr.?+ lon in a tt!ir.ht eomplox. Thb co2 ... £mzyme complex 

reacu wlth the rc<lctivo ribulo$o dir>hoephato to form a new 

C-C bond between carbon dloxldo and one of the carbon atoma 

.of' th11 Gugar phosphatte. The result of thla raillcdon is tho 

formation of a compc)und wlth ab c~.rbon <ttoma, This dx carbon 

com;.)()und is so delicate that it can be brok:eA by water 

into two fragments • e~1ch of which is PGA. In the intact 

cell where thb unstable ab-carbon compound 1s protected 

by Bubcollular structure a dit'farant reaction may conc<lliv .. 

ably occur, though there ls as yet no defint.t~ proo.t'. Thh 

hyp~thatlcal reaction WC~Uld reault from the addition <:>t two 

to be roducad and spU. t to one molecule of l'GA and ont~t 

reaction would use up a mbbQulo i')f' TPNH. converdna it 

to TPNt. 

The one ox- two molecules o.f PGA. .formed by the c..arboxyl&dl·m 

reaction are then reduct'td by <'l~e molecule~ cit TPNH Oi-H.'~h tQ 

reduction amounta to the. tr,:tnsfer of two el.ectr(')ntl to 

that c:nrbon atom of PGA which lut:l: thr<l!e bond:il ·to oxyx~<m. 

Such a r.roup of atoms eoM11!Jt1ne of • carbon 4tom llt'lked 

by one bond to ono oxy~~en and by two bonds to nnothex- o>tygen 

atom is called a carboxylattJ g.rotlp ( O•~ ... o .. ) • It to 'C'Bepont~ible 
for tho add properth~ of PC:A. !n thia gl"Cl\.&l'• the oxygen 
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at0111 with only ona bon.i to carbon has a ne'latlve charge d"e 

to an electron excess of one ovor that required for neutralityc 

Actually, this electron 'is sharerl equally by tha two oxygon 

atoms of the car-boxyl group• oo that each or the oxy~ena ha3 

an average negative charRa of 1/?. and an av~rage l l/2 uondo 

to th(t carbon a.torn. Thin kind of arrangement makes this 

group rather stable, hom-:e som~what unreceptive towardm 

add! donal electrons, Onae a~a in • therefoNl • ATP is called 

on to prime the mol~cule by r-uttint?, n;cr."! cher.-..ic<:ll enEr.r~ty 

group ot' ATP onto one of the ox'.rc.:~~n .Homs of the c.uboxyl. 

group• thereby makin~ the tl-10 oxygan <ltom'3 dissirnlla.r .md 

apoil.in~ their equ~l. shiQri.ng of elflctrons lind bon:lo to tiTirbon. 

The oxygen atom linked to rlhosrlhe>ru~ now has onl:J one hon~ 

f .. 
to carbon (Oa:C-OP03H ). 

Wh~n TPNil transf~Nl a hydrogfln .ntor.1 plus dn electron 

• (equivalent to two olootrons plun a hydroeen Ion, H ) to the 

carboxyl carbon • the Bingle c-o bond ir; broktm • ond the 

oxyp;en J.inked to phonphorua CO'llO~'~ off i~ i ru>rn<-' nic ph('>Ophat9, 

UPO~·. The carbr .. n atom now h~r. t~tO hoTH~S to ~ si.nglt~ oxygen 

atom 8 one bond to hydrogen add one bond to th~ next c.urbon 

I 
atom in the chain (OaC-11). This llEl\'i group is called an 

aldehyde group 6 and is one of the functional groupe of 

one klnd of sugar. Thus th0 sugar acld phosphato (PGA) has 
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been l'fJdUci!d to a sug<1r phosphate (triose phosphate). 

Th~ bioch~mical steps just d~~crlbed can be denoted by 

chumical ~quatlont• in words and symbols as follows& 

1) Ribulose tt~onopho!'lphate 't ATP -> r.i.bulose diphosphate 't ADP 

2) Ribulose diphosphate 't C02 -?> unat~bb C0 aompound 

3a) Unstlllhle ce compound • H20 ----5Y 2 PGA 
or 

3b) Unstabl•l' CG compound + (t ATP?) t TPNH 

-> triose phosphate (C3) 't PGA 

ll) PGA + ATP + Tl'lm ---"> ADP t H2P04 + triose phosphate ( c3 ) 

Reaction 3a) rapresenta the split of the un$Uble r b 

compound hy wator to two molecules of f'GA • while 3h) 

ls the ~plit by reduction. discussed •arllor, Either way, 

the end reau.l t of reaotlons 1) thN'lUfih 4) is tho conversion 

of ribuloau monophoophato (C5) and co2 to two mol~cules of 

triose phosphate (C3) with the expenditure ot two TPNH 

molecules (t'our oleotronR) and of two or threo ATP 

molecules, This merles of reactions represanta tho entire 

input of ~lcetrons and emergy from th• light reaction to 

the basic ear-bon radueti~'ln eyclo. Of ~ourse additional 

expctnditur-ee of eofaetorB from the Ught reaction are 

required frOfll the reduction of ni tNitEt an<i sulfa to• und 

f'or the conversion ot' comtH'>t • .mdta much IliA triose phosphate 

and f'GA from the cycle into crwtn1c matt!!rhsls such &H 

Once trio:ne phosph11te is .formed• fivo l!loleeuleut of this 
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c3 (that is, three carbon) compound are convGrtad to three 

molecules of the c5 compound• ribulose monophosphate• and 

the cycle io complete. This converdon takes about 11 

separate hioehemical steps in all. Beginning with triose 

phoephate (C3) and expr~ssed only in terms ot changes 

1n the numbers of <:arbon atoms linked: together in ougars • 

this part of the cycle flJ'Oc:oeds au tollowa 1 

c3 + c3 _,.. c6 , c6 + c3 -.,. c41 :. + c5• c~ + c3 ·-""> c7 • 

c7 + c3 ~ Cs + Cs 

which in sum ~lves 5 c8 -::> 3 £,"i' The three molecules 

of ribulose monophosphat(i !Md$ fr-om fivo tnol•culos of -
triose phonphato after c:arhoxy.lation and reduction give 

six molecule.u of triose phosphate, Thus t'he net result of 

one comiJlete turn of the cycle is the ecmverdon of thf'ee 

molecules of carbon dloxldo to one extra c3 organic compound. 

This gain in orgnnic mate-rh.l ia drained from the cycle oy 

reactions which make sug~rs. fatty acids, and amino acids, 

f'rom which 11$uch materials au starch• fata and prot~l.na 

Tho tact thaat not only carbohydrate"• hut also amlnc 

acids, and presllm<.tbly .fatty acida, are d1Nat ~,rc,duots 

has abo been eatablluhed through th$ use ot radioc;~arbon 

as a tracer. The ehlor<)p.laot is not marely ill partlcle 

speoittlidntt in tho synthada of atarch and sugars, but 

rather lt !a a hig;hly complex and vtoll•or~~nizod f'aetm•y 
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capable o.r ~~ynthedzi.ng v~irtunlly all of the matoriala from 

which ·it is built 3:1d at the ~larn1.1 time satisfying the nemds 

of thlll nonp}wtoaynthetie pnrta of tho cell and thu plant for 

reduced carbon comp<:tunds • . 
for the benefit o.f those familiar with chomieltr.v, the 

flath of carhon in photo~;ynthesls is Gummarized in the 

diagrt~tn in rig. L• The idond.dee of the compounds lUI 

numbered ln th.e cliagr<lm are as follows 1 

( 1) the uMtablo c6 addl tion compound, ( 2) pholll~')hoi~lyoer!c 

acid ( PGA) • ( 3) ph<)sphoglyc:tu•alclehyde and ( 4) d1 hydroxy-

acetone phosphate, both trio:ae phosphates, (!>) fructose 

diphosphate, (6) erythro!';le phosphate, (7) sedohQptulose 

diphosphate. (9) xylulose phot~phate 1 (9) r1hose phosphate• 

(10) ribulose phosphate, and (11) ri.bulos.u:' diphosphate. A 

few. but by no tneano all of thG path$ leatHng fr-om the cyole 

to synthetic products are indicated. UDPG stands for 

url::Une diphoaph"~lucose, an imtH>rtant lntermed.t.<Jto substance 

for tho synthos19 of polysaccharides. oueh as starch and 

culluloso • as well a'S aucros~ which is ordinat•y tabl4B sugar. 

uni u f-or the eonstructi<>n of' r~rotein, 
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This report was prepated 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 

B. 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 . 
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