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'--PHOTOSYNTHESIS l3Y ISOLATED O:lLOROPLASTS* 

By. R .. GQ .Jensen** :md .J .. A., I~nsshom 

Photosynthesis ~n green plants requires not only photoelectron 

. transportil oxygen evolution and photopho~~phorylation, but also the 

synthetic reactions -whereby carbon. dioxJ.cle is assimilated and nx1uccd 

to a number of organic compounds via the TJhotosynthctic cr.rboa rccluc.~ion 

cyclcl and secondary biosynthetic patrn\'Bys. 2 Complete photosynthesis 

with isolated chloroplasts has for many years been a r;.oal of bio-

chemlsts. Photosynthetic reactions could then be isolated from rencticn.s 

of th~ cytopl~sm~ and the cell "\vall could be eliminated as a barrier to 

the assimilation of various added metabolites and chemicalsq This 

achie~crnent would greatly facilitate the study of the mecha.."1isms of 

enzymic transfdrmations and metabolic control in the synthetic reactions 

f • . ~ . . o pnotosyntJlCSl.S. 
! 

The. phot<:>chemical transfer of electrons £roo lvuter to artificial 

· electronic a.c~eptors by subcellulsr pnrtic~cs f:mm green plant tells '~·ns 

demonstrated many years ago by Hill and Sc:arisbrid< e 3 Since th~t tirr~c, 

isolated chloroplasts and chloroplast particles have been found to be 

.· · . capable of· photoelectron transport to NADP ~ 4 .. 6 and of photophosphoryl a­

tion,.7 

h11ilc very high rntcs, exceeding those required for El__:::i:.Y.<?. photo-.. 
synthesis, have been demonstrated for photoelectron transport to both 

natural and artificinl electron acceptors and for ph.otophosphorylation, 

ratcs:•of carbon reduction durin~! photosynthesis by isolated chloroplasts 

have been disappointingly lmt~. · Fbc:ation of 14c-h1bcled carbon dioxide 

... .,. 

.. 
v 
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into intermediate compounds of the photosynthetic tarbon reduction cycle 
. -, 

0 

by isolated chloroplasts Has repot·ted by Allen.£!.~ ~.11 1955., 0 

nbility to· fix COz vms dimini"slH.xl \lith broken chlm·o_plnstz. but could. be 
' - ' . ' 

restored b)• var1otts co factors •9 and it 1'/Cl.S claimed that co2 fix::1thm by 

chloroplasts could be accomplished in the t3ark if the cofactors J\TP nnd 

NADPH v.·erc added)O A repoTt from t.1e snnXl l!abc-ro.tory (in 1960) listc<: 

fix.,t;on .... ,.t "' o.r: 4 5 t 6 1. ~ c~ I ct 1/' .... 11 C"th,.,.r~)Z f_onr·,·d r,-,o;-c.:.,: . • ~4 - . A (,1. C;:, ... • 0 vmo cs ~·z :r,.g ·'· \ .n .. e- 1,. .._ - " -- - -
.. . ' . 

f .b ~ I l 1 1 ' • · · .r. • 1 1 • • o. a out t,. _ t ms ong Jecn assumeo, nm:i 1s vorl....:;t.etl t))' cxpe:nmcn.t :m 

the prosent report, thnt spinach leaves shouid be capable of ratns of 

. 'COz fixation exceeding 200 }Jmolcs COz/mg Chl/hr. ·· 

Fixation of COz has been stimulated by the uddi tion of some inter· 

mediates of the cartxm reduction cycle to broken chloroplasts, 9 or •~hole 

chloroplnstso13 Walkcr14- found n rate of 1 .. 1 llrr"tOles CDz/1ng Chl/hra to 

be increased to 24.3 (and lat<rr~l5 36~9) tt}''On t:hc addition o:f ribose-5-

. phosphate to .isolated chioropalst~; prepared according to his method .. 
~ 

With the addit~on of 71.S tJmoles. ()£ ribost~-5 ... phosph:atc per mg ehloroplqll 

to .the reaction mixture~ l't'alker's accelcra.ted CO, fixation n~te resulted ... 
. in n totnl 'fixation of 6o0 lJIDOles COz ·.1K~r. n:g, ·chlorophyll during the 20-z~dn 

. . . ~ f . \ .t 
per~ot. o · lnCUl)<ltJOll.o Thus the stimulated COz fLx3tion rate could rcsu] t 

. :from the; oncrtid .. o~·:.of only pa.rt of t~e, carhon reduction cycle ut:llizii1i,: 
' ~ · .. ''·!··~, .·~ ·>' .\·\.·:· .: ' .. ''· ~ · ... \.1,,'·. .. . . 

. · .·. J\Ti' from tho photc.chem:i.cal rettction.s to carw~rt ..... ~ bosc--S·-~)hosp~m~c to 
. . " . . 

rlbttlose-ltS.,c'bphosph~lte, the carho:xylntion rct:Jction subgt:ratc. It 

l~ould app~a:r that Walker's prcparntion had a lind tee; CUJ?f.lCi ty for conver­

sion .of other sugar phosphates to pcntose J.,'!hospl1ates. 

Another t-ype of stimul~tion of co2 fixation by chloroplasts wns 

achieved by,' Heber nnd 'JYszkiewicz,l6 who added n conccntrntcd solution 
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of soluble enzymes of the c::t,rbon reduction cycle to chloroplasts iso-. . . ' .. . . ', 

lnted in a.qutlous m.edi11. and th~reby obtn.:i.ncd fixllltion rot9s of 4 ~n·.olc:; 
: 

co2;~g Chl/11r, 11 which were further st5.!:1tllfltod to 12 tmJ.blcs . COz/rng Chl/hr o 

J 
upon. :the addit~on o:f Kn~ and .NADPH., Us:i.ng chloroplasts from th.c 7::in:dm.~ 

chry~omon3d. Hymenornonas sp _ .Jeffrey :·!E.!, El:! 7 measured a chlo:rophst 
' 

fixation 1·ate of ·15.3 t~moles COz/m~~· Chl/hro, Hhich wus ncarl)• 10% ef 
i ' 

the fu ~ rate for that organi~;,:m.. A{icli tion of chloroplast extract 
~ 

sti~latod ·these chloroplasts to a rate of 34 ll or approx5.matcly 25%, of 

the fixation rate C>f \v•hole cells, 

~In the studies reported belo1"~ efforts wore madt,) to obtain a wcll­

defincdJr homogeneous preparation .of chlorcpla.<;ts \dth intact mcmbranesiY 
' I , . 

which l-.!Ould be capable of hid:t :rates of· comnletc nhoto!;ynthesls 1:d thout-. ,. . t:JJ ... +: 

. the addition .of either cofactor~;. (other than. inorganic ions) or cnzyn;cs., 

!t wa..., felt tl1at such prcparatiOtiS would he nl()rc us<:~ful than rccom:.ti­

tuted systems for studies of met~J:bolic control and enzymic mochnnism!'; o . ' .· .. . . 

· M~terials and Mcthods~ .. ·Sec(ls of: 2J.:..i_nnciE_ oleracc<t Lo (var. Viroflny) ll 

obtained from tho Fer:ry ~brsc Soc·d Co~_. wcro. planted in 5 inches of vcnni­

culite iil flnts~ outdoor.s in dirc:ct sunllght. Upon g<~nnination, the 

plants were l-JO.te:recl cldly \1ith HoaglantP s solution. At the o.ge cf 4 to 
' 

S h'celcs, leav<~.s Heir)ling approximately 1~2 to loS gnl\t~rc harvested :md 

· used ilnr.redia.tely for experiments .. 

t"'z fixation in intact lea.vos.~~A ·freshly picked leaf wa:-:> ·placed _....... . . ~.., ....,...__.,. 

in a gas-tight transparent vessel ~dth its stem in a vessel containing 

. lloaglo.nd's solution. The loaf cha~rJJer w;;1s ~1.ttachoa by inlet and outlet 

tubes. to the stendy·stute appu:rat:us,18 This nppa:ratus contain:::; o. closed 

system Of tubing and 12 ptullp for circulntiag gas through the lea.f ch2.P1ber 
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an<i' then through nn ionization cJ¥;tmbcr which monitors the level of 14(: 

. · · After the leaf photosynthesized for 10 mjn ~dth air, the eas h:mdling 

system t-v as closed a11cl connected 1d th a reservoir conta-ining air and 14co2" 

The system then contained 200 u.moles of cnrbon dioxide, Hith a specific 
~ ' . 

~ti v:i ty of 29 o 0 l!Ch.Hrole o The total co2 ~ens ion was 0 ~OS% j) or sppmxi .. 

. mately twice that of air. Tho leaf was ~ll1 o'i-.rcd to photosynthesize fer 

10 min with 14co2.• \':e then quicklY opened tho .chmJ1her (loss thri;l 10 sec) 

and plunged the lea£ into liquid nitrogen •. 

· . · TI1e frozen leaf w.aterial was grotmd in liquid nitrogen.. \'!e deter­

mined the chlorophyll content of the lcs£11 19 '~ith an nHqt:ot snlT'~)lc of 

:the frozen leaf material and fou~d that the leaf contained 1. 21 mr. of 

chlol·ophyll ~ T'n.e remaining :frozen poNdered leaf materinl was dcnattrrcd 

by immediate mixing With 80% met.'1tt:nol. /m aliquot SQir;plc of this material 

~ : ''~EI.S, acidified nnd dried on a pi<.,ce <lf fil tcr paper J) ::md tJ1e radioactivity 
. . . . 
'' 1 

was determined by cmmting between opposing thin .. ,dndo\·t' G-M tubes~ . From 
··! 

. the . resulting count, known coun.ter. s~nsi.ti vi ty, hnotm specific activity 
~ . ' . . . . . ' ., ' 

of the 14coz. nnd the previously detcTmined chlorqphyll contcnt 11 • the 
l . . . 

photosynthetic nssimilat.ion. rate of 14co2 into ncld-stnbl0 compounds was 

calculatqd: . 

Hates of f~:xa!J?P..1'Y ,i.sol;.atod chloroJ;las,!:E, .. ~-on the sarr.c d<Ay ~ nnd 

from leaves taken from .the :plants used for the whole lenf fixation rntc~ 

isolated chloroplasts were prepared a.s described beleN. A 0450 m1 s1.1s-. 

penf>ion of: these :dl.loropla..o;ts. cont:nining 0.,085 mg of chlorophy·ll was 

preillt.nn.inated f~X: 3 min. nftcr which radioactive bicarbonate '~.as <J.ddc<.l 
' ,' .. 

1 

and pl1otosynthesis allo~rod to proceed for 6 m.in prior to 'hilling in 80t 

' 
1 

.. 
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methanol~ Determination C)_f chlorophyll and of Me fixed {sec above) 

gave the COz fixntlon rate for isolated d~loroplastso 

, Prctmrntitm of chlor<Jplast!). •·The l:tcthod describc·d by WalkerH 
-·~'ll<o·-JilJ -~'J.lkJ: >llloloii'~OI- . 

hns boon considcr~:tbly modified in mn" studies. 

Each of. three ·solut1.ons used in the isolation and nssn.y contain 

the follow:blr.: . Ou33 ,!i sorbitol; 0.,002 !:LNe1N~13 ; 0,002 !;:!, EDTA (dipotassium 

salt); 0.002!:! Xa isoa~;c:orbsite; 0 .. 001 ~ ~·hClz; o .. ocn .!:1 HgC12; o.ooos ~-·1 

!n a.dclition~ the solution A conta.l.ns O:oOS f·1 MEs20 f2- (N-r.1orpholi:no) 

'ethane!>ulf\)nlc ac!d)J- a5:lju~tcd liit1tlJaOr-: to pf{6.l; 0.,02 ;1; NaCl; the 

solution B contains 0 • ."05 M !lEPrs20 (N .. 2-bydrcxyethylpipcrozinc-N' .. zw 
' ' ~ . . . 

ethanesulfoni.c acid); adjusted with NaOH to t~H 6~·7; 0.02 ~ r~aCl; solution 

C. C"'ni·al•_..,~ ;0·, (\r. J{ vnpr.c . v.... J.J. .. ')I . 6\)J ~11-:, J:"4l~ •J.: .... >., 

HzO. 
·- ' 

'i· 

:Ten· t:,vm of freshly cut leaves are washed,· chilled. ancl the midribs 
t 

' ' 
, : are ~cmoved.. · The leaf strips and 30 ml chilled solution A are placed in 

a "se~tnirn.icro" monel homogenizing vessel on o Wllring 111e.ndor tmd blended 

for dnly 5 s~e .at high $peod. The slurry is poured and pressed throurrh 
·,. 
' 

6 ln~crs of cheesecloth ( 4 2 tJ~roads per inc:h) 11 an.d the resul tin£" j uic;e 

is c~1trif1lged· for 50 sec nt 2000 x ~.. The rcsul tinp, pellet may be 

t .d ~ 0.·°C ~ . + 4 h · s ore t.h , J'O!' up ... o · x. 
j 

pendod. 1n the. SOlution H ot 0°Cr to glV\) • a suspc;nsion l'ihich contaim: HDOUt 

'1.4 m;g Chl/rnl •. 

Photos;~thcsis ·Hi th cMo:roplasts. --Photo.synth<~sis is carded out in 
~....,.,.'*". .,_ dip·· ~...... --~ 

r;~. rol:.uld"bottom flnsk (diameter 3. 3 em) stoppered Hl.th 11 serum cap.. Tho 

flask is mounted on a rack which holds 16 flasks ::mcl n:.o\tes with n. ci rcul nr 
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motion in the horizontal plane {radius of motion 1/2 ind~,. frequency 2.0.0 

.. cycl~s/rnin) o .'fhis s\drling motion distributes the suspension of 'chloro-
. . 

·plasts around _the :round. bottom of the £1as1~s. fairly unifo:-n1y without 

subjecting them to cxcesslvo agitation. f:xccssive s1~aking i-1a.s found to 

cause loss of i.'hotosynthetic activity. 

The flasks are held in a water bn.th at 20°C, .md are illuminatcl1 

· · · through the transparent bottom of :the hath by li.ght from a bnn];;- of 20-

, wntt r.:u .. J..ite Ultralitx fluorescent la""r.ps which give .an incident intensity 

at the flasks of 2400 :foot.:.candH~~. nu' intensity was found to be sufH­

'cient for.light saturation under· the f.:Onditions.uscd .. 
I ' . '' , ~ , I " 

In. each flask is placed 50 vl of chloroplast suspension (containing 

~l>out. 0.07 mg chlorophyll) and 430 lll of· solution C. Tho sha.J:~ing fl~tsl~ 

arc prcilluminated for 3 min.. Then 20 ul of nl4co3- solution is nddod 

to give a final volume of o.s ml .• h'hl.ch is 0.006 .t! in HC03 .. nnd contains 
\ . . :' . . . . 

24 uc of 14Co .. After 6 .min of l'hoto~~ynthesis (unless othel"\1tise· specified) 

· the chloroplast .reactions ttre stopped 'by addit.ion of 2 r.rJ. of mc:tlumol.. 
' '. ' 

TotSJ.. rn?:l.dcarbon fixed and. chlorophyll· content arc then determined ns 
. . .. 

· described above ..... ; 

by spinnch leaves nnd isolated d1loro:plnsts '''ere J . .maly:z:cd by tl::o-dimc:n~ 

: ·sionaJ. Chromatography in phcnol• .. tlCCtic n.cia-\-:ater and but~UlOl-propionic 
... 

acid•h~'ator, :;tS described. elsewhere~ 21 ~·=·'·--'-~--~ -.-------: ..... 

....-----·--.--·--

-------- __________ ! 

I 
'---;-----,-.,.,_..--c~--~-----..-.. ---~-·----.:. .......... _____ ;_ ... ___ 1 

' ' 

... 
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·• :. tions o£ t~ossihle. btiffors~ it 'Was f'o~md that pyrophosphate stimulated 

C02 fixation~ . Since pyrophosphate hns L'Ccn: found to be' formed from 

:labeled orthophospl1::ttc ln experiments witl_l fl~lorella, and its lt.wcl is 

n function of light and da:rk 11 22. and of the addition of inhibitors ;21 

it \vas of interest to invest:i.gate its possible metabolism hy tho chloro .... 

plnsts e · Therefore, photosynthesis was carried out w1th 32p~lab<~lcd 

·,PYrophosphate. AftC!l" varying tinies: up to 10 min photosynthesis~ the 

chloroplasts wore killed and tmalyzcd~· ... v~T:y little lnbelcd pyrophos"' 

.. ; .ph~tc wns converted, vr:obably via orthophosphate, which is fom.ed slowly 
; ' 

:by hydrol;•sis 6f the ,pyrophospl1nte. ·. , 

P..ocause of its slow hydrolysis, so alum pyrophosphate is ndded to 

the photosynthesis medium (solution C) on the· day of o.ac:h CX'Perirncnt .. · 
' . . ' ·' . ' 

.. Orthophosphate hecOJros gradually inh:i.bitory ahove 0.0005 !:!• 
• ,' l,; • 

· . .!4J:!lrf satt!!'lltio!l,•"'•The effect of light intensity h'tlS tested u.ndc~r 
. I . . 

.. ' . 
.·th$ conditions described nhow, .'except that· Ulumination wns supplied by 

. . . . ·.·. two in~nnde:;cont lamps (G.E.: DXB Photogpot). tmd the intensity varied hy 
l' , I 

using xumtral dens! ~y screens 1 as shown in Results. 
. ~ .. 

·,, 

Effect of bicarbonate conccrltrntion ..... :nu, effect of bicarbonnto con~ 
t' ;,., 'i· 

.· '( '. 

· ··. · cc.ntrtttion on the rtlte ,,•as ·tested' tmdor the condit:ions described 
' ·' f ' . 1:. 

~ ; .': j :, ' 1 i , • . , • ' '- ' ' • . ~ 

··.' excopt; that tho concentration of bicarbonate \'11':15 varied. as sholt:'Il. in 
·.:,',·'; I • , I ' 'l • • 

1.' • •.. _':. l ' • 

·, ' · Results,.· In order to minimize the effect of depletion of bicarbonate 
"' ' ' ~ • •' ~ •• r i 

r,'' 

. , · •.. . on its; effective conc:entrat'ion during the measurement. tho conccntr:;;.t:ion 
t ' ' : :. ' ·,, • ' • ~ • ' • • • • 

.'. of chlproplnsts l..ras :reduc{))d to glvil 0.02 :mfr of chlorophyll in the 500 pl 

reaction mixture. , 

I• 
•• ,~..· ...... 110-. 
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Electron td.cro~~.t'I:Y •md · cptiS£:.1, .. microscopy_. --1m. electron. micrograph 

· of chloroplasts prepared under tha described conditions '"as mace by Dr. 

Daniel Branton, u.<sing the £reczc•etd1ing tcclmique2·S as adapted for this 

purpose. by .nr~mton nnd Park. 2~ 

· Optical micrographs 1.11erc prcprJrcd using the Zeiss photomicror.cope 

under: phase contrast. 

Results·and Discus~ion.--Intact·nnd freshly harvested nnd healthy 

· spina.d~ leaves gavo a co2 fixation rate of 245 t~mol.es COz/mg Chl/hr. 
• . • ,..: . I ' ' ' ' 

. Chlorovla.sts prepared the same day from leaves from the same plan.ts gave 
. . . 

·.a fixation rnte o:f 155 Jamoles COz/rng Chl/hr. This rate 'dth isolated 

· ch1oroplasts • ,./a.s obtained over a -period o£ 6 min following 3 min preil· 
• 1 ' ' . 

. . lt:anination• ·. Thu.' tJ1e· isolated diloroplasts, .for a B.mited period of tin:e, 
~ ... . . 

assimilated carbon dioxide at n rate that \.vas 63% of the in vivo photo-
.; ..-.~ 

synthetic rate .. 

The .total carbon di.oxide fixation during various periods of time 

. is sh0\4in in Figure 1.. The rate cf photqsynthesis. declines continuously 

with. time of:ilhotosynthesis, r...nd by 30 miri is 40 "'moles COz/mg/Chl/hro · 

,: 1ho fixntior1 rate becomes mnximal. with a bicarbonate concentration 
· .. 

of a.hout 3 'l'!')t (Figure 2) •. _The .hi.cllrhonnte level for 1/2 m.a"<imum rate is 

6 X l0-4 !i; compared to 1.1. X 10~2 !i repqrt~<JZ~ for isolated ribulose 

'· ··clipho~pha.te carboxylase (E,C. 4.1.1.39). Thus; the isolated chlorcplasts 

.used. in our. oxperin'<cnts resemble much more nearly . .!!;.~ photosynthesis 

. in their capability for~ carbon <lioxide fixation than docs the isolated, 

purified enzyme:! ,,..hich. catalyzes the primary cn:rboxylation. renction of 

photosy11thesis .. .. 
~· 1 

· The snturation of COz fi..xation rate with lir,ht ,intensity is shoh'n 

in Figure 3·. · .' 

' ... 
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'11le appearance of the. chloroplasts iJ!. the light microscope with . 

. phnse. optics is sholm in Figure 4. It ca.l1 be seen that approximately 

· }S% •of ·the chloroplasts aro of the class I type (highly 'refractive . 

. \~ith.out .clenr grana) as de :fined by Spencer and Untc 26. .It seems probnble 
'I,', 

··that· the biochemically ncti'V1a chloroplasts in our e-xperiments are the 

· class I chloroplastsJ which reta:J.n an intact memhnmc n11d have not lost 
. . . . ' 

. soluble t:rote:in., . 1\ large proportion of class 1. chloroplasts is not in 

. itself suffidmtt to proquce 1'igl~ rn.tcs of COz f.bm.t:i?n• since Spencer 

end l'flt reported n rate (:;Jf 2.88 lJTl10lcs C!Jz/mg Chl/h:r. 

Electron micror.raphs prepared using the fr~eze-etch.inr; technique· 

.: with ;chloroplasts isol'atcd as described in this 'pilpor aro sho\-•m in 

. · Figu~s 5 ancl 6. They both show the close stacking mttl:'un.slmilen con .. - · 
' 

·figurhtion of the thylakoids ,,,hfch nre typicnl of chloroplf:sts in vivo. 
~ . ·. . . ._....._ 
l . . . . . 

(Ole products of COz fixation during 10 min' in t'lhole spinach lenvc.s 

arc s!1own in :the radi.oautograph in f'j.gure 7 •. The pool sizes. of inter· 

· . mcdidtos of the carbon roductlon cycle are rcnntively small, . and the 
'i ' • 

' ~ 

, rudio~arbon passes quickly on into larger pools of va.rious secondary 
I . . 
i 

prod«cts such as sucrose,. alnnine, nspartic: acid and other amino acids .. 
I 

_IncontrBst, the pnttcm of labeling in isolo.tcd chloroplasts, :shohn 

in Figure 8, contains very high· amounts of radiocarbon in ;ir,ltemzdi:.:.tcs 

. _ .o~ the cm·bon. r~duc.:ticm cycle_ particularly PGA, dihydro"yncetonc phos­

phate, fructose and sedoheptulose <liphospbntc-s. nn.d ribos . ..,~.) .. J,11osphatc 11 

as '"'ell as· in.glycolic acid.. Work in progress indicates that tJ:c~e 

compounds ~:re transpo~edP, Ol"' diffuse, rapidly from the isolated c:hloro-

·plasts to j:he suspending medium~~ · .: · ' ·· ' ' H""XO"'"' ""'l''Ol'1.'-0''~)l'"'+""s "11'·1 
· I '•· ·.' •'· • :; \,;/ ~'Z!V lf>!V' ·i . .f J_.1. >~~."J' .... -~ ... ~\..:l (. .. ,.. ~~. 

ribulose-1,5-diphbsphv.te arc nlOstly rcto.ine<l in the chloro;)J.a:;ts. Tho 

labeling of secondary products of lo''' rnole·cular welnht is rnthcr s:mnll .. 
. I 
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Nonetheless, there. is a sir.rnif.ic3nt nmoun;t of synthesis .of .macromolecules, 
.~~;· . . 

·as indicated by the large quantity o£ radiocarbon·foun.d at the origin& 

. ' 

'. 

. .. ,· 
"; -·~ .. 

. ' 
• \1; • 

... .. 

~ ~~.' 

. ./""- ' 
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Pig. le Time course of carbon dioxide fixation !:)}' isolnted chloroplft~sts .. 

Denendence o:2 CO., fixation t'atc on i)i.c::~.rbonate conccntr.~tion. . ~ 

~\ 

Depcndcn.co of co2 fixation rat*) on lirr,ht :i.ntensi ty ~ Light i.ntensit)' 

·given as incidt~nt intensity at surface of re.nction flask. Light source 

\'Jas .an inco.ndcsc~!nt lamp (~~eo t$Xt) and 1<1:.1$ varied through tb0 USC of 

Fig. 4. Isolate;;d ch1oropla~;ts under phase contrast in the li::;.ht microscor'eo 
I 

Class I chloropl~~sts appear bright and highly refractive ~.Nith an outer, 

1
. . . . ,. 
lliU.tl.l?·$1' memtYraJJ.e;; 

Fig .. .5. , Electron microb;raph of isolated chloroplasts obtained by the frcezeft 

etching tcchniqu~;~ o 
24 These electron .micror,;rat,hs t.'ll'oro prepared by 

• !,,. ... 

;,•' 

Professor nan1.e1 Braaton of the Departm~nt of Botany~ Uni.vorsity of 
' 

Caiifo:rnia; B.er\<elcy t and reproduced by his co:u.rtesyo The chloroplast 

(C) ld.th clos{~ly packed thylakoids is .surrmmded '!;ly an intact outer mem­
i 
' 

membrane (!vi) .. · Anotl':v::rr membrane face is 'left after the fr<!cture process D 
~; 

. ~ ' 
·. 

Fig., 6 ~ ! .Electron niicrograph of isolntod chloro~lasts obtained by the freeze--
, 

Part of an intact chloroplast is seen (bottom)" At 

thq top ctre seen rerr.nunts .of a chloroplast ~ri thout an outer mernbranoo : 
I The thylakoid::z (r) &re still tightly pii:.cked. 'l'his microp.rn.ph is rcprc;. 

sorltativo of a chloroplast pretNlration ~~thich ~;ave lo· . .,; co2 .fixation 
f 

(20 vl·-'i/mg Cbl/h:r) 6 

Fig4 7.. Btu.:Uoautogr~.rph of 14co2 photosy~nthetlc products in t~Fhole spinach 

leaves.,· Detached spinach leaves ~~fer~~ allowed to, fix 14co., for 10 r:Jin. 
'"' 

as <.W$Crihccl .in text~ After killins,;~ the leaf m .. ?.terial was arullyzed. 

by t~<;o .. dimcnsicw.d pa.por dtrol:·~ntog;raphy and rA.dio;~uto,r:;raphy. The 

., 
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; ! ~ • numb(:'rs indktLtc the follm~inr; compounds: 0 ... origin.; 1 .. 3 .. phos .. 

and :rihulose-5-phospl;atc; 6 

uridinc diphcsphoglucose; 9 (t;r .Stlc.rose; 

malic ac:i.d; 11 - glyceric :1cid (?); 12 - citric ac:hi; 

so::dno; 15 ,.. glycine; 16 - glt.Jtamlc rtcid; 

17- threonine; 13 -alanine; 19..., glutaminco 

R~1,dioautograph of 14co .. } ph.otosyntl:tetic produ.cts i!l isolated .. 
' . . •· 1 1 ~p1nacr1 en o:rop asts., IsoJ.:.:ttod chloroplast$ were allowed to fix 

~4r-Gz ·for 6 l" ... ;n .:"'s: ·C'''':·r·:r·l)-·.,:,;: ''r ·text a 
i,' , ~'\.: .. , . . J.,f.. :~,.. .. ~ I ·~····~~""' .u 1"/"t • .,. o...'\. L ~ . 

~ ,. 
'• 

., ,~.... k '11' t' ' . - • f .h.r. ... er .1 1ng 11 ne .LC"t · 

!nato:rial l•:.nS analyzed by t~m-d.ir!lcnsio:rm.l puper chromatograpily ;,lit.d 
;: 
I 

radio<lutogro.phy .. o-5 for 

7~ plus: 

. ~ 

. ,. 
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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 

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. 


