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ACT!ON SPECTRA AND QUAr.TT!.}t1 YIELDS FOR NAO? REDUCTION BY C'..HLOROPLASTS 

Kenneth Sauer and Jolu"l 3iggins 

bepartrncnt of Chemistry and Lar:rence Radia.tio:1 Laboratory, 
... 

SUMHARY 

Tho photo.reductioh of NADF by chloroplasts is obse.t~ved to occur 

with a. l'oquirement of 1 to 3 quanta per electron transferred to tMo-P 

<at ·. ·wavalengths from 550 to 730 m~ in s DCI1U-poiscned system Wht!n r&~•_ .. 

duced DCPIP is pr-escmt as electron donor.. In the. normal reaction D 

with \1ater as doni".lr, · a shn.ilar quantum requlrGlment is observed from 

550 to 680 mj.l, but this ris0s to approxlmat~ly 9 quanta per electron · 

at wavelengths longer than 700 mJJ. Tho results are interpreted as 

reflectiJ)g the participation of two pigr,lent systems. Some eharacteris'tic.s 

of the absorption sp~etra or the two s'ystems are <Iieeutls-ad~ 

The quantum requir.oements at nearly all wavelengths studied were · .: 

found to inereaGe linearly with incNasing inoide.nt light intensity foro 

both reactions. i1e propose that an activated ~ntermediate of the photo-

synthetic ur)lt, wi tb an estimated lifetime of o.os rsee in the normal 

reduction of i~ADP by chloroplasts and 0.15 sec in tha DCr1U-poisoned 
.. 

system, is responsible for this intensity dcp•andence. 

Small quantasome a.ggt~egatcs prepa.rl!td from spinach chloroplasts are 

shown to be newly half as efficient aG intact ehioroplasts in the photo. 

Nduction of }tADP using reduced DCPIP. A rrldthod is described whereby ' 

the w':>sorption Sp<i!ctrum of these quantasome suspensions can be used to 

determine the true absorption apectrum of chloroplasts at wavolengtha 

wh~ro light scattering 1s predominant. 
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IHTRODUC'r!Ol{ 

The normal c9u.r'Ue of photosynthetic electron tX'ansport in .higher 

;;>lant chloroplasts leads to tho reduction of NADP to }i/\D?H2 with water~ · 

ao substrate, becoming oKirliz~d to molecular oxygeno Coupled with ·this 

process iG the non··cyclic i>hosphocylation of ADP to ATP. DCMlJ is a 

potent inhihi to:• of ". ·. 

tionn of isola.ted chlor-oplasts this inhibition ctm be raliaved, in part» 

by th•~ addi ti.on of 'th(!i cOUllle OCPIP plus ascorb~te2,. Under these cit>-

cumstances tho r-.:l!ductld DC?!? takes the place of '''ater as th~ electron ·· 

in the O~gen is not liberated no long. as DCrlU is present; howe vert In 

the a!>sel\CO of DCMU# the oxi~iz,e~rl .form of tiCPIP serves as an oxidant · 
I . 

for the chloroplast Hill ~action, ltlading to the photooxidation o:f wat~r 

to molecular oxygen.. Thes!l observations lao l!..osada, ~ :<H. 3 to the. :conclusions 

( i) there are tHo light reactions involv.)d in NADP reduction wherQ water 

ze1•ve:s as the cl~ctl"'n donor,. ( ;1) only one of these is involved in th~ 

photoNduction of NADP in the presence of added DCI:f.J and. reduced DC?IP, 

ana (iii) the Other light N<lCtion ~tlone i.'S t>osponsible for tho Hill. 

Evidence has been pt'Csented to dGmonstrate that theSJJ two light · 

reactions ari.se .from . .ubsori-,tion 'hY different pigxoont systcma in chloro- · 

plasta 4• S.;;veri.U recent studi-es .have appeHlt'ed d<ascribing action spfictra 

~md absolute quantum r'equiremon:t:s of HADP rc_duction by chloroplasts for 

tho normal systezu (water as donor)5•7, and for· tho poisoned·. ·.·aystam 

(:aacorbato/DC?I? as donor)5. There b a consid~~ra.ble measure of dis-

cordanee a:mona tho va-rious· r0aults. The pro.acnt ~tudyis ?.tn attempt to 
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mental npproach. !n p.:trticular, ~liJ hav-a continuously monitored the 

concentratie>n of NAD!j,H
2 

th:r."'ey.,hout th~ course of the reaction in order 

to co:M:\lct for.> the :rovarraa o-..-.idation of HADPH..2-· In a.ddi'tion, lle hava 

used a novel tachniqu\1 for deter-mining thn tr\,i~, absorption .of chloro- . 

O\"ei'Whelming eontdbution. 

MA'l'ERift.LS A.:'ll) MrlTHODS 

Chlot~oplattta weJro prepared by minor modifications of the method 

o:t Hoch and Hartin5• Sixty gm fresh spinach leaves were thoroughly· 

washed and r•lfrigerat~d after the removal of tho mid-ribs.. They were 

blended in. 100 ml of ice-cold 0.4 H sucro!>!lt o.os H Tris chlori,10 ..... .~ 

(pH B.,O) • and 0.01 H HaCl for- 10 sec. Tha homogenat~ t-IM str<llned 
' -

throU~J;h eight layers of cheesecloth •'lnd ~entt~ifuged at 1000 g for one 

min. The supernatant was eentrifuJ,~ed at 1000 g for 7 min and the 

pellet resuspended in 50 ml-blending medium.. Whole chloroplasts wore 

sedim9ntQd by recentrifugation at 1000 g for· 7 min •. 

. Quantasom~ aeg:l':'egat3S :wera pr0_pared by lysing the Whole .chloro-

gemtly for .to min and centrifug1;1d at 10000 g, lO min. The green 

sedlroant. was t'esuspended in 15 ml lo.-2 !!. triB-Cl, pH B,. and sonicated 

for 90 sec by rn.-aans of e. Rl-tytheon lOOW• 9 Kc , .magnetostr1etion osdl-. • 

lator operat~d at full volta~~~-· Tho sonicate was th~n ul.tmcentri.-· 
' ,; ;· 

fug~d at 105000 g for 20 min and th'l su,pornatn'nt retained as our 
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P!}:Ht I<'M pr~parud from 3pinach accor>di.ng to the procedur~ of San ; · 

Piotro and Lanz,0 through tha 75% acetone , pi~~'~{pitat!on step. Tho 
i' . 

chloride (pH So 0), and further !lUrifled through the first Dt:AE-cellulose 

colunm tt'I\Hlttnent of Hill and lJGnd.:lll: t s-' tM~thod~ •. This -partli1lly-pu:t"ificd 

preparation contain.<!:ld chloro?l.aat f~rredoRi:llO and ferradoxin-U.I\DP 

:t:'lzductazot.lll. 'fhe pt'!!paratior:;. wllS assay~d in the photo;'eduction of 1MD? 

by chloroplasts usinr~ whi ta light and thercaftel." used .in saturating 

·oonc~ntrations in the_quantum raquiraroont determinations. 

ReD.gents 

Nl\DP and Trizma base were obtained ft•om the Sigma Chemie;;al Co .. , 

St ~ Louis; AD? from the '?abs t Brui-ting Co, , Ni.l.waukec; DC11U from .du?ont 

de N·:Hnoul:'S,. Hilmingtol'l ~ and DCPIP from K and K Ll.lboratorles, Jamaica, 

Rth'!ction mixtures -----------------
The reacti.on mixtures contained the' followit_\g in vmoles/ml; potas .. 

sium phosphnt(~e pH ·;.s, so; NADP, o.s; ADPe 1.0; MgCl2•· 7.5 and a 

su.tu:rating amount o.f .PlJNR.. In DCl<lti ... poiaoned prep~t!on.s tho above 

rea.ction mi::<tuN wus used with the following in \.Unol,.H~/ml: DCMU, o.Ol; 

Apparatus 

txpet.,imonts. war-a carried out using .a Cary Hodel 14 spectrophotometer 

modified in such a. t>~~J.'f that th~ absox>b.tmce of the Nactlon mixture at 

339 mu could be ~r.onitored continuoualy while the S(!Jmple was baing ir­

radiated .from the sido with .lon.t;cr t-l'av0l.ength .li$lhtl2., A dill&;ram of. the 
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a.pparatu..<J is shown in ·ng. 1.. A Cary Model 1482 ScatteNd 'l'ranamisoion 

Acces!lory was mo.dified so that the ex.c.itinz; lic,ht could 'be directed 

throv.i;h a set of filt~l."'B in the side wall to irradiato the sample cu•1ette 
I 

in the ~;pectrophotomlater beatl from o.oc side. Light from a tungston . I 
projection la~ (General Electric PfK, · 1000 watt), poware~ with a Var!ac~ 

was colllilk'\ted wd.ng a. sphet'ical mirror and passad through 4 em of wat.ar 

and a Corning l-&9 infrared .. absQrbing glassa One or more cut-off .filters 

(Cf i) and an intarfe~nce filt~r (IF l) were pl~ced in.a port in the 

side of the Sc."ittored Transl!lission 1\cccssory .llnd a lens inside tHu:-ved 

to concentr'at~ tho be~'lm incident on the sample e.uvette~ An opaque bar-

t"ier;- pr'.Wentcd ~j{citing light from: reachi.ng the rof0renca cuvette, vthich 

containecl .n portion of the ae-'11\~ reaction mixture as that in tho sample 

cuvcttco All samples were irra_diated at. room temperature. 

~.nd Lomb, 500 mm) "sa.~ used to providt1! actinic: light in place of the 

eut•off filters war~ us~d with the ~onochromato~ to reduce utray light 

.:lt shorter waveleng~'ls. l~sults obtained. using the 1:WO. actiVation 

syst~ms t~el'e in good agroerne.mt at all Have lengths st11died. With the 

interf'(~t'(:Jnce filters the rorud.mura intensity awulable was mo%'6 than tan· 

tir~s greater than fr.om the xnonoclu:'o:nator at an eq_uivalent bandwidth, 

Th-a cuvette:; used. were constructed with .fo1..tr .cleal:' aides and a 

rectangular intcrn~l cro~s ... section 3 mm x 10 rum. The spectrophotometer 

m:t!:&surlt\g b&":M travorsed the: long dimcna:ton~ as shO't.m in 1-"ig. 1. It· 

H<.l$ n1acesBary to pl,.ace a set of complementary filt~rs, cr 2 and lF 2, 
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(Bn.ird Associat~s)., transtnitting in its third order in the ultt'aviolet 0 

was coupled. with a Corning ultraviolet~t:ransmittin~ filter (7-60). 

The excitation wuvQleng;th inter!'er{mce filtex•s (If' l) we~ of the. 

blocked, n<lrrow•band typ~ (Baird i\nsocia.tes o. l'y~o. B-1) with half ba.nd-

low level. l'ha Corning ~uppl~menLarJ filters usad.at each wavalength 

studied \'l~l~•U (1)3-68 ~t 550 and 600 m1-1; (ii) :2~51.3 at. 649, 660, and 679 mu; 

(iii) 2-64 at 688 !!l).l; (iv) 2-64 plus 4-77 at 703. 708, ~nd no T.flP; and 

(v) 2-64 plus 7 .... 59 nt 730 :alJ. 
'f 

Heasureruents of light intensity were .basad on .secondary standard 

. lamps obtained from the Nllltional.Bureau of Standards• Wa,shinBton. D .. c .. . 

A Reeder thermopile (c. i•l. Reader co~; Oetroi t) • calibrated using the 

,standard lamp,, was used to determine the wavelength depand~mee of the 

sans5.tivity of a. siHcon solar cell (Hoffman., Typ<l 120 C<l) • u~ing the 

.!3ausch and Lomb .500 L1m grating t.'lonochromator .o.nd a tungsten souro~'h 

Incident intensities :for the illumination experiments were measured 

at the site whel~Q tho $ample cuvette is not>mall)· placed in the apparatus., 

Corr.•ections were applied to tha results for the tr.easul."ed reflection lo$S 

(5%) at incidence on the cuvette sides. 
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absorbed. In the. cas~ of chloroplast suspensions .this ill difficult, 

C3p<~aially at Wcil.V'alength!i longer than 690 :lllJ t Ol-ting to the substantial 

light scu.ttet-ing exhil>i ted. Us~ of the maasured tri.\Ilsrnission bf tho 
) 

sample in the calcul.'ltions· ma.j' lead to large errors on this account .. 

The tcch~iq,u~ \otc, used for estime:tine abao'r'hed intensities is l'.HlS~d 

on a study of the sp~ctral p:t"'Operties of chl?t'O?lnst at'ld qu.ant.lsom 

prepa!'ationa13. n~~ure 2 prosents a part of the .absorption spectrum 

for a single p1"'eparation of spinach chloroplasts measure~ U!?irig.\:three 

.different techniques: direct absorption U$ing a Cary 14 S:p~ctro-

photomet>eriwith a normal cell compartm-ent, the oppl glaas techni~ue 

of Shibata., nonson • and Calvinl'~, and the scattered-transmission mathod 

with a red sensitive photornultiplhr (Dumont 5911). The lntter two 

spectra <ll"i nt,arly identical except that the opal glas:s technique is 

not rGlia.ble beyond 700 rn:.tl3. A samplo of quantasoroos, 1 propar~d from 

another portion of the sarn..: chloropll:\st preparation Has also mcasur!ild using 

ths scatterad-tran:zmission method. .The long wavi!l~ngth .tail of the red 

abso:r.•ption b~imd of a concentrated suspension of quantasome# is shown in 

Fig. 3 al~ng with t>te spectrum irt the S;tlll;!) region of a concentrated SUS'"' 

pension of t.he chloropl.!l:sts. ·The latter has been normalized so that the 

absorbanccs nt 678 mp ara 0~ch.lO~o. The eff~et.of light scattering on 

th~ chloroplast spectrum nt these long t/avelengths !s such that direct 

moasurements, even using the scattel"etl-transmin.sion technique, would 

no·t give a good l'lh!82UI'Q of tlH~ true absorption of the preparation. 

The spectru~ of tho small quant~soma a.ggreg.:n:es can be satis .. · 

.factorilycorreated for ligh~ scattering •. The <::orreetion is amall in 

·.this c~u~c, and it can. be execl!tGd aceul'ate.ly based on t:urbid.ity measure-
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optical dansi ty values f.rom 760 to 900 mii <aN p lotbd versus the · 

roc.iprocal fourth power of tho wavelength ·rn rig. 4.. The po.ints fall 

on ·d. i;ood straight line pasr.d.ng through the origin, as is ~exp.ectad fo'f.' 

·. light scattering fx-ot~l smilll. pat>ticles (Ray lei,gh scatt«n:•in&).' E~trapola.;.. 

tion of thi~ linQ to shorter wavelengths perrni ts the calculation of the 

contr.tbution of seattet'ing to the ~a:!lured. sp~ctrum at an)r wavol~hgth 

and, by <11.ffaronce 1 the trt.te absorptlon spectrum of the '}ua~tnsome · 

preparation ·(dasht'itd curve in Fig"' 3). The fact ·tha.1: the scattering 

correction is small in the case .of th~ quant:asomu preparation per-c.its . 

the computation of a raliuble absorp·tion spectrum by this mothod. This 

is loss true for chloroplast susp.ensions, whore the particles are .large 

and the turbidity of the prQparations is c;reater than the true absorh.:u1oe 

at '1-tavelengths longer than 700 tall .. 
. ~ 

Wo · n0\'1' inal<e the aasu.rnpt.lon.:~thut the tr>u~ absorption spectrum of 

chloroplasts is identical to that of quantasomea pl."\)par;ed from them, 

after normalizo.ticn baaed on th~ trK'H'!St.tred values at the l'l'J.l>timum at 

678 m;.t9 So:na arguments suppoX'ting the validity of this at~;sumptionare­

presented by Sauex- and Park13. 'l"hus 11 from a single scattored•transmis-

sion ·meacuraroent of chloroplast absorption at 570 ml.l, where the eontri-. •. 

buticn from light scattering is relatively minimal, and from the 

nor-maliz~d <£uant~ome absor"ption spectrum, ·we compute . th(l! absorption 

of the chloroplast suspensioml at wavelengths w!~re the direct maasul."fl!• 
. 

ment is impossible by nny t>9chnique short of using an ideal integrating 

?J1.<:;t,ore;d,uct ion· o,f NADP by,_, chloro~;a_st~ 

Our initial method of studying the photoroduation of NADP hy 

:•. 
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: ·~ 
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chloroplasts was simi.la:r-· to. ·.tnat of Black; et· al. 7 and Hoch ~md t-1<artin5 ~ --
Satnpl~s w~l"a flluminatod foro ·a fixed tima periodt .the chloroplast~· ~~re 

r<tmovad by centt•ifugatlon., ·and the 339 mu absorbances of the sup~l.""'-

natants :t"'~cot'tled. . In our hands thi~ teehniqu? proved unNliablac6 owing 

to tho w;.l .. )' active firat-o>;~d~l':\·rcoxidatlon of NADPH2• 1-l<ll· subsequently 

shot~ed that catalytic acdvity. ·;for- this Noxidution wns l'lssoeiatod Hlth 

our l'PN'R ppr~.,t~are.ticns und tl'ith tho ehlol:"oplast stroma. and that it could 

not be :t:emoved by short term ultracentrifugation of the sample,. r1e 

ffiG-:tric mei:H>urem.ent of. NADPH2 con_centra~lo~. In this way tru® initial 

ve].oci ties for the, photoradv.ction uncorJplicated by tha req,d.d~!itlon could 
i 

be obtained. 

.A typica~ · trac~ of the t.itOO course of the. photeproduction of N'ADPH2 

is shown in J!'ig. 5. Thu fo.llo~t-J!nit characteristic fecttul"as of tho trace 

wore ,'.generally obserVed. in determinations su.r.~mari:r.ad in thJ.s repol"'t: 
' . 

(1) A' stable l~~vel of absorbance at 33\J mu in the dark, (ii) an initial 

ra~.>id l"ise during which about 0.2\ of ·the available NAOP is reduced~ 

of NA!)P.H2 occur& It (iv) a gradWl~ deer0ase in this rc,action veloei ty 

aft~l:' about 5~ reduction of tho inidill NADP• (v) a brief rapid decNase · 

in absorht:tnce upon cessation of illun1ination followad by (vi) a slo~-rar 

decrease of ti.'ul absorbanco whic.~ continued for a long period of time •.. 

Stage (ii) was not observed if a second successive p~riod of 

. illumin~\tion wa$ given to the same sampl~. ~\?on aft<Jv a darx interval 

of several minutes. 
·> . 

. The stea.dy initial velocity chosen for the reaction 1~as the limiting 

··.-:, :·. 
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slop~ of the noa.rly liaear portion [stage (iii)} following the ,transient 

initi<1l l."apid rise. The location of. this Umiting ten~a:~t eou.lde lin 

ge·neral, be deter1ninod unambiguously from a region in :which there wns no 

pronounced curvature · of. the tl'aee. After thi's linear portion, the NOxi­

datioi'l bt!leomes sufficiently groat ev0n in the light to cause a distinct 

decrease in the net rnto of NADPH2 formation. 

In ct'dor to mak~ certain that ethel" oh.an,?,es in absorbance a.t 339 till 

W<:H"a not inf1uet1cing th~ magnitude of our r4sults, tre scanned a number 

of the difference spectra from aoo to 550 mu before and after periods of 

illmnination.. The sp·sctra eoodstod inV'arb.bly of a simple nbsorption 

peak at 339 mu, and there was no evidence of. signi:f'ic~nt bleaching of 

the photosynth0tic pigmonts or cha.nget:l in turl:>i<.lity oftht\\ illuminated 

sctrnple. In s(~par~;;t.e experiments we det~rmined that. the presence of 

chloropl<ists .at tlw highest coneentrati.ons used -did not significantly 

<3.f:fect the extinction coefficient of NADPH2 at 339 l!llJ in tbe difference 

spectra measured using the scattored-tr~nsmlsaion technique .• 

Quantum requirements for NADP rl!duction for each experiment ware 

Co.lculatad fl"Ota th<iJ'lS't;eady initial t'eaction velocitieS and the:' Calculated 

absorbed intonsitie~&. · ;:~-perime.nts wer~ C11l"rL~d out alternate.ly for the 
, I. : 

' i 
nornHll and the UC1-1U-poisoned systems wi 'th otherwise id~ntical.: reaction 

conditions. At aaeh wa.V"e.length tho incident intensity wes varied owr 

at least a tfm-fold I'<.mge by adjusting: the la.mp voltage •. 

Figut•es 6 and 1 sho'" e:<am?les of the dependence of the quantum 

requi~m::mt; on incident int~nsi ty. At all \'tavalengths studied \S:nd fX>r 

'i 
' 

1 :~ 
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.· · incroa.sing in'tensity~ The positive intercepts. determined from extl:'apo-

lations to zero intt!l<nsi ty, art} plotted as ~ func d. on of ~ctinie ·wav@ ... 

length in rig~ a.· Th~s.-g datu ar~ mean valu~s resulting from up to 

pt-eparati<ms nnd thr~e Pt>HR preparations are involvecl. 'tt1ese quantura 

requit'l3m.ents aN also present~d in Tabla !- along with So\ne 'Values in 

tha. same units which we have calculated from dt.tta and curves given in 

noth the nomal and the DCMU-poisoned reactions have quantum 

r~quirements in the range loS to 3.0 einatdns/equivalent of ttADP reduced 

betHean 648 and 679 tn;.~. At wavelengths longer than 679 tnlJ. the norm-:tl 

renctior' shO'dS a pronounced incroasa in quantum rettuirement characteristic 

of tho first Emerson ef".feetl5, whe~ev.s the requirement· for the poisonot\ 
' 

reaction nppearn; to cleareasa to :nbout one-half its valu¢ at shorter ;.u1ve-

lengths~ wre took particular care ·to insure that the normal reaction does 

indeed proceed at 720 tmd 730 Ultl with roquir~rnm'ltS . of no mo:r<! than about 

9 q~:tnta per el'lctr-on.. no ,effe<ltive stray light of wnvel~ngths short~r 

than 700 ·mll was present in the actinic beam• .ew demonstrated by the intro-

duction of additionAl. sup~lementary cut•off filters. Dy clo~ing the 

spoctrophoto;n~ter slit for a period of titne d\trlng the progress .of e~-pari-
. ' 

m~nts at th~~Ht: lotlS ncitinic wavelongths t we . showed that the 339 mu analyzing 

beam was ineffective in se~si tidng 'the ~duation of lMOP. Ft~rther-mox-e, 

the reduction of iii\OP ~n the normal system at wavelengths gNater tha·n 

700 mu was cornplli.ltoly inhibit~d by tho .addition of DCWJ. 

'· 1. 

.. ·. 

. ~, .. 

-.:.,1. ·' 
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' The quantum ~eq,uir><uilent for lMDP reduction )Jy chloroplast~ increases 

linear-ly >-Ji th increiilSing incident light intensity for both reactions 
! 

. studied and i'at all wavelangths .from 550 to 730 rm.~,. except for the normal 

.·reaction at the longt.:St wavcl~nuths,.. as noted below. 'l'hiu bohavior has 

been report~~d previously by Hoch and Hetl'tin5 .t and a similar .depond.once 

was ob~Harved for th5 Hill x-et1ction using ferricyanidc liS' 17. . Lumry and 

Riesl~e postulated sever-al. mec.hanisfl!S fot' the interpretation of thea~ . 

resultsl8. The followine mechanism .is one or the sir~pler ones they 

prcpoMd and it apt>(l)ars to ba sufficient to 'explain otu• observations i 

t5 I 
c -~ C* (l) ... ,\ 

(1-p) 
c~~ ., "' ) c (2) 

p '·. '(3) ,. c··· + 'I' ) c .ifo:'fu .. 
:".~~ :~· ' . 

k t . 

1'* t- .R 1 . .") ... + p (4) .l. 

In this schamQ light intensity I absol:'bed hy plgmQnt rnol~cules C (pra-

sum;:ilily chlorophyll in the wavol(>lngth rang~ studied) ,excites them '-· .. ,.; .. 

to rencti VQ species Cf' · ~<ti th '~ primal"'; q,uantum efficiency t/>. kt vecy low 

light intensities some fraction p e>f Ci: tra.nsfors_ its ex<!itatlon to a 

trapping site or t'E-~acti vo intarnl$diate, T, according to reaction ( 3). 

The remainder of Ct.': ia deactivated ac~ording to reaction (2) with an 

intrinsic probabil5.t'y (~""P) and will not l<a4q to tho. f'Ol:'m(lti()n of 

products. The l!'txcitod trapping sites T*; oncia formed, inevitably lead ·· 
''• 

(NAD?H2 and o:<}'t&cn t">r dehyd:r.oascorbate) by a seri~.a of reactions summarized 

.,_·. 

·.·; 

... ·. 

) 
·-· .. ·; . .-.j 

. " 

·.' ... ·'' 



•• 

'¥ • 

-· 

in equation (4). At higher light intensities the steady-state conc;et~-

tration of r will be reduced from the value ·'1'
0 

preaont in the dark ox:- . 

at lot>~ limitins; light intensities, and the probability for l"eactio11 {3) 
' . 

will decrease from p to p(1'/T0). 

Using th<l st!l~dy-.:~t.clte approximation for the concantration. of the . 
(see Appendix for details), · . 

excited species c~l and 7~'~-./one readily obtaina fol"' thlil r~a.ct1on velocity 

the result 

(5) 

where 

The pstludo first .. order rate constant, k1 , will be constant only during 

the early stae0s of the raaction befoi'I~. the concentration of reactant R 

has decreased approeiablyb the quantum "requiremont, Q, is then given by 

( (:)) 

£qu.~tion (6) pt"edicts a linear relationship between the quantum require ... · . 
~ 

ment and the absorped intensity with a positiv~ slope. The intercep~ 

Q0 , is the intrinsic quantum requirement.for the overall reaction at 

zero intenai ty, and the Slope • l/k0 , is a measure of the rate parolmeter 

for r~aetion (4). 

Tho slopes of plots of quantUtil. · r~quir~ment of NADP red,,etion venJ'la · 

ah::Jorbad li~ht intensity for both the normal and tho OCMU-poison~d 

ayste~n appear to be ind.ependent of wavolength t hOWt9VOI't the data for-

th~ normal system at wavelengths beyond 708 mp scatter t()o much to gi vc .... 

.reliable values (e.g., see Fig. 6). Average values for thE\'! pseudo zero-

orc.~;.lr rato constant k0 ~1ex·~ calculated frorn all results l.~gardless of 
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Of \>f.:W~length. 'l'he V,!'!.lUeS. Obtained HOt'e 1.6~+ :t 0~ 7 X 10""'7 equivalents-· 

litor.-Lsce-l for the DCNU-poisonGJd system and 4. S ! 1.7 x lo-7 for tho 

normal 3yst:em, This paramater characterizes the x-ate of reaction (4) in 

thu mech<.:.nlsm presented abov~ and pre~umably ·includes a dependance on tha 

concentrati(m <:>f one or mor0 endogenous chloroplast cofactol.,O • It is 

si;~ific~:mt th<l't this param-at•ar indic~te$ that reaction (4) is thrGe 

tir;t<~s. fasten:~ in the no'l.~r.;al systam ttum in the DCHU-poisoued system. 

A study w~m m.adc to determine wheth<.:!l." 'the conccmtration of the 

bCPIP/asGor.-hata couple is limiting for the OCf,rJ-poisoned s.ystom. For 

thb pU!'\?O<>c it is ZiJ.fficient to s"tudy tho dependence of quantum yield 

of i~AO? reduction on DCPIP concentration. Figura 9 summa:t"izea ·the results 

of tiUch ~n ~xp•.ari:.:mnt cat>riad out using 1578 m~ illt.Uoination at two dif.o.. 

give an <':lbso~bance ox o.ao (l .em path). Concentrations oi all othar com .. 

pot~~altts wax-e the same as those normally used,. •d.th tho exception of 

DCPil', \othich ~a.a vad~4. At tho hit'.her lig;ht intonsi ty a typical aatu.ra-

tl.on curve is ob~tJ...tned. If indophenol is included specifically as .a. 

reciprocal of DC?!P concantra:tion. The data at'tit in good agreemont with 

c.uch a prediction. For a plot .or· qucmtum yield vursus DCP!P concontretion 

the theory predicts a hyperbolic relationahip. The curves shown iri 

Fig., 8 are d:rewn on this basis for comparison with the data. The satura-

tion values of tluantu:n yield lrzith incre!l.oin& dye concentration. obtained 

. . 

rc3p~ctivc:ly. Th<t conccntrution of PCPIP normally used throughout this 
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e~:'eh intensity.. This 0xp~.rriment ahmts that no .incl:."'ea~e ln OC.PIP eoneen- · 
. . :. 

tration . t>lilJ~ increase thlll quantiJlll efficiency. of th4 .?hot:or~rluetion to 

;~nywherc n-3(·u:• thr:1 l~voi attainable by decre.-isina tho incident light 

conce:1tra.tion) i:1 th•~l:"e.Eol."c not a limiting factor in the ldnotie scMmo 

und~)l:' thl! conditionn studied,. 

In <addltion to the .'ibilit)' of qunnt:J.so~e prepi®tions to carry out 

the Hill reaction and to S',l?port co2 fixat!.onl9 ~ we have. now observed a 

relntivcly high level of a..:tivity fo'f.' NADP reduction i,n the presence of 

•1dded PPNR. Uest ra.sults were obtained. using thG ascorbato/DCPIP cr:mpl.e 

us raductant in the OC;'-itJ-poisoned re~ction,. and in the abcence of ADP 

and. MgCl2• Under th~so conditions the quantum requirements at zero 

incident intensity were 6.2 at 6t~9 and 678 mll am1'4.o at 703 and 720 m!J. 

The intensity para.11ctar k0 could be tloa~:~ured reliably only at 649 and 

678 r:1Jl and valuoa. of 1.3 ~t 10""7 equivalents·-'lite~~.~.,.sec:~ were obtained. in. 

each case. These rosultn shol'l .that the quantasome prepar<ltions are. 
;:" 

almor~t hnlf as active a.s chlorol'l;.;~.sts in their abilit}~ to photorcduce' 

Nli.UP. We fael that the demonstration of such a high lr.:vel of activity 

increas~as the plauslbilit:y of the important assumption underlying our. 
. .: t.', 

quantum r!lquiremant calculations for the chloroplast syutett"•name.ly, 

that the true.ab$ovpUon spc.ctra of chloroplasts .~nd quantasomes are 

essentially identical in the long w.avelength region •. 

OISCUSS!OH 

Three recent publications presont action speotrn fo't' the ab$6lute 

quatntum t'equirc~r~nt o'f! UADI) reduction by ohlot'Opiasts with water as , .. 

' ... · 

• .. ' . i:, (, 



reductant5""7., In addition, results for the DCHU-poisoned.symtem using 

·• 
values giving th~ wavelength dependence fot- the pqisoned S,Y$tem have 

been reported <::tn a T.'olativc basis hy Arnon 11 et e1.4 . Some pertinent results _ .. _ 
extracted fx•oo these studies ara put in tho common U.'lits and suinmarizqcl 

alonz with our x-osult5 in T~la !. Th~roe ia a suhatanti<ll lack of agree-

rnct."it a1non~:t the various ;.rorker$ •. for exrunpla, for tho normal roac.d.on at 

about 700 !llll• rnac.k, et a.l.G observe a qu;"l.ntum ·Nquiremont o.f 14 einsteins/ --
r.:!!port 6.3~ and \;;C obsorv~ 4.0. 

Black,. !!. n.l. used absorption values measure41bj the opal glass 

·techniqu~. It would app~ar fro."n tha l?NVious d.ioaussion of the largo 

contribution of scattered. light to such measurements that the ler;za quantum 

requirement!> th~y :t"(~povt fot• t.i.e normal r~a.ction et long wavQlengths rnay 

be ap;>reciahly overestit,at•:ad on tbls basis.. This factor may also account 

for their rise in q,uantum r¢quira1Jl,gnt around 550 miJ where the chloroplast 

scattering is, again. r~lati~e~ great. Our studies show a quantum 

raqui:ror..ent at 550 ml.l which is si.tghtly l()\'ler, if anything, than those 

at long~r wavelangths. 

In genoral, our rosults agree r·.athar well 'dth. those of itoeh and 

Hart.tnS for both tho normal a.."'ld poisoned systems~ Th~i;(' study i$ based 

on ahsorpticn mellsurernet'ltS us:ing o.n integrating sphere spectrophotometer• 
i 

which shor.tld markodly reduce tho ·li~ht scatter-in~ intot"xerenc~ at long 

wavelengths• Although they Wt)t'e .aw<lr<a of the dark reoxidation of liAPPHa, 

it it3 not apparent from their ~pa~er that any corNction for it was at-

. . .. ,; 

. ,·. 

·':,. 



to he no:::-a pronounced. This would have the ~ffect of making the~r 

quantum requirements appear to be t<:.~o large. · Th<~y are aome 50% greater 

than our corr~sponding \tt'lluos. 

'l'he valut'ls obtained by ()ovindj ee, et al. 6 arc substantially' ---
gre,1ter> throughout this wavr:length region for> the nomal system.. 'l'his 

the same t~chniquos .a.nu with the !Hlme reaction mixture as ware those 

At wavelengths .less, :chan 660 tnl.l our measul:>alnonts indicate quemtum 

requir~.!mentsfor both the normal and the polson~}d reactions of 1 .. 5 to 3 

einstcins/equivulent and not stron~ly wavelength dependent. Hoch and 

· l''lartin and i:llack, o:t al, rt~port littl<J change in tho quantu.m requiremonts 
---~ 

from Gt~B to 5'79 mlJ. The relative quru-thtm re'{u.irem~nts obtained ~by Ar;non~ 

. 4 f' t • • • i l d l et al., ·or the DC!:ttJ-po ... soncd system e~m.:Lbit a max mum at 66 ~ .un . owcu• ---
vah.tcr. at both .longel' <ind shorter wnvelength.a.. . This behavior is different 

;;-

frt.)m each of the ·Othor previous studies and from ours. Arnon, et al. did --
cient d<l!tslls o.f thf.;ir cX£leriments are r-eported in the publication for us 

to attempt to rosolV<.l. th0 discrepancies. 

Our observations of the depcndencr.:! of quan-tum requirem11nt for !MDP 

' 
reduction on wav~length for thes-a two reaction systems can be accounted 

for nicely in torms of tha two-pif?'lient system m<t<::hanism proposed fo1 .. 

'.:· .. ·· .. , : 

·j 
.l 

I 

I 

I. 
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There is much cvidanca. to support a cUl"rent forrnulil~ion ·of the mechanism 
' I 

of photosynthetic {~:lcrgy conversion in Hhich two photo-absorbing steps 

·act in seri~s to give the reduction of HADP using water as reductant 

pigrnent system I rn11!diates th\l transfer o.f electr-ons from an el~ctron 

tra:1sport intoz.mediute (cytochrome f ?) to NADP .vil'l ferredoxin, and ,;-
., 

picirn~nt syst~rn n rnediatcs too transfar of clectt"ons from r.:ater to an 

o;-:idizcd intermediate (plastoquinone ? ) leading to oxygen production .. 

The reduced plastO<:luinona would then react throU,£:11 an electron transpprt 

chain with oxidilfe(l cytochrorJl<O f in a d&rk t•aaction which can coupla to 

a phosphorylation step. iloth pigment syst-ems must bo activatlt'!d for> tho 

normal l"e.ncticm to pt"'ocoed efficiently. \lith add<ad PCHU the second light 

reaction· is blocked and electl"'na provided by aofactors such as reduced 

DCPIP c:aJi be ti'.:'l.nzferrad to UADP. U$ing system I alone • 
. 

The mecha."ll.t!.m de.:cribed above triould l.~~quire a mlnir.turn of two quanta 

-,absorbed per olec-'cron transferred to HAD? for the normal rraacHon and 

one of the l'>ie:neat systems absorbs rolatively \oroakly, highel!' quantum 

Our :!:'e$Ults can he accounted for in the frami!work of this in®c.hanism 

accounts for app:rox1roa:tely 80% of the. total absot-ption and system It 

accounts for 20%. ;\t wav01ongths shortel" than . 630 m~ · each pigment sy!'.;tem 

is responsible £or about half th$ tota.l a.bscrpdon. · Furthermore; we 

,_,.· 

. \• 

., 
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j 
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assume that electronic cxci tation energy cannot :be transferred as such 

from one pigment system to tho other. These assumptions lead to. the::-

following conclusions: (i) for the normal reaction at short.wave-

lengths the optimum quantum requirement of 2 would be obtained s.ince 

both pigment system.;; are being actl vated at equal rates,; ( ii) at longer 

wavelengths the nOl'!:lSJ. reaction would have_· a quantum requirement four 

times greater• since ·the low absorbance of pigment ·system II at these 

wavelengths 1i:ni ts the overall ~~fficiency wl th which electrona can be· 

obtained ft-o:n water; (iii) for the DCJ·lU~poisoned reaction a quantum 

requirement of 2 is observed at short wavelengths, since only half the 
' . . . 

quanta ahso.rbed.are used to excite system I; and (tv) at longer wavelen~~s, 

•~here system I accounts for 80% of the absorption • this quantum require-

ment drops nearly to 1. These conclusions are in gor,>d agreement with 

the data of '!able I and~ if the hypothe~...s are correct, they lead to the· 

observati"on that at low limiting 1igh"~; intensities these photoreductions 

of NADP by chloroplasts are operating very near optimum valuP.s. 

It would be tempting to interpret the initial·rapid transient 

increase in ab~orbance at 339 mu (stage· ii·, Fig. 5) as representing an . · 

even more efficient production of HADPH2 during the_ very first stages 

of the reaction. Such a conclusion is not yet warranted, however. The 

effect is so small that ~ro cannot convincingly demonstrate that this 

earliest absorption change does indeed represent NADPH, formation or ... 

even reflects a band Hhich ~xhibits a maximum at 339 !Tlli· The effect 

is som~n-1hat variable and is frequently absent or b.1:n:'ely observable at: 

the lm.;ost light· intensities. It may, therefol"e., reflect the initial-

approach to the steady-state condition, during which the concentration 

of 'l' is decrcaaina; f~om its initial Vcll.UI) T0 and durinr; which a fa~ter 

:·.' 
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,. 
.. i. 

.''·i. 
., 

.! 
·• t; 

·.h ..... 

~. 

. .1' 

~ 
l 

·l 



-20-

reaction velocity would be expected. This simple explanation will not 

account for the rapid transient decrease in absorbance at 339 mil, (stage vi) 
''\'. 

~~hen the light is turned off, however. · The two effects together could 

be accounted for by poatulating a small activated. (bound). fraction of 

NADP which gets converted to NADPH2 very efficiently at the onset of ... -· 
. . 

illumination c-md is ragenerated at the expense of boupd Nt\DPH2 when the 

light is turrwd off. Further studies are. called for. in order to .eluci-

date the cause of these interesting transients. 

Kinetic limitations a:t high li¥,ht intensitit~s .. 

Art':anaiysis of tha dependence of the. quantum requirement ror NADP 
J • • ' 

reduction on the incident light intensity suggests that at highel"c ln· .. / 
. . I 

tensities an i~creasing fr:action.of the ubsorbed t:adiatio~ is diverted 

from the photocT1emical .process. The simplest e;,planation implicates an 

intermediate or trapping site present in relatively low conccnt:ra:tion, 

in the system. Electronic e''citation energy resulting from the absorbed. · 

light is transferred to thiG intermediatoa or trap and results in its 

activation. Apparently the return of this species to its unexcited 

state is a ~latively slow reaction in comparison with the rate of 

absorption of'quanta.at high intensities 0 and a low. steady-state con-

centration of unexcited intermediates results. Under these'circum-

stances the excess absorbod quanta are dissipatedt presumably larg,~ly 

by a thermal process, and a high quantum requirement for the photo-

reduction is observed. The kinetics are essentially independent of 

the wavelength of exciting light, with the possible exception of the 

norml:ll reaction at long \-tavelangths. · The limiting factor is apparently 

endogenous to the chloroplasts, since both. PPHR and DCPil' (when present)_ 

'.; .·· .·,·· 

·• >: 
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trerc det:~onstrated to be at concentrations ncar saturation l~vels. 

A reasonable explanation of this. effect can be ~~de in terms of 

the photosynthetic unit. Par)<: and Biggins24 give evidenc!) that the 

quantasornes observed in spinach chloroplasts. are the morphological 

expression of the ph<,tosynthetic units. · If we assume that there is 

only one trapping site per· photosynthetic unit and that its pigment 

composition is that XV...Jported by Park and. Biggins 9 we can estimate the 

decay time of the excited traps from our quant~ requirement versus 

'intensity dnta--speci fically, from the values of kno 

An absorbed intensity of 4 x lo-7 einsteins/sec-liter is sufficient 

to double the quantum requirement at 678 m).J for NADP roduction by 

reduced DCPIP in.a suspension of spinach.chloroplasts containing about 

5 x 10'""6 moles/liter of chlorophyll~· In.accordance with tha mechanism 

proposed for the intensii:y dependence, we pr~?ose that under these con-

dition.s at stec:.dy state only half the photosynthetic units are present 

in their unexcited states.· Park and BiBglns24.estimate that .each quanta-

some or photosynthetic.unit contains 160 chlorophyll ~molecules .. The 

above suspension of chloroplasts will contain 3~ l x 10'""8 moles of 

quantasomes/liter, on this basis. Half the absorbed intensity; or 

2 x lo·7 einsteins/sec-liter, is actually effective in exciting the 

::-traps and, under these conditions, anch trap is excited on the average, 

5.5 time.s per second. A 5096 steady-state level of excited traps is 

maintained ,und~r condi tiona where the· .rato of decay of excited. traps · 

is roughly equal to their" rate of formation. Hence, the decay time 

of excited traps must be of the order of o~:l5 sec for the DCMU-poisoned 

system~ 

J.. 

j 
' ·.·· ,.1! 

' ' 

., ' 

·. ·.:j 
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For the normal reaction, with wate.r as electron donor, the ·light 

intcnsi ty required to double the quantum requirement of NADP reduction 

is 12 x lo•7 einsteins/sec-liter. The d~~ay of excited units for this 

re<lction is therefore about 0.05 sec. This compares favorably with 

values of.0.03 sec for the time between successive effective quantum 

absorption .acts determined in intermittent illumination studies by 

Emerson and ;\rnold25. Because the mechanisms of. the two reactions \4'e 

have studied are certainly different, we cannot know whether the rate ... 

_, 

limiting step occurs at tho same poin·t in each case. It does seem that 

the turnover time in isolated chloroplasts is three times faster \-ihen r'' 

electrons art! provided from water via pigment system II than when they 

_derive from red.uced·DCPlP. Sine~ DCPIP is present in saturating amounts, 

the. slower rata-limiting step in. the latter case implies the participa"'" 

tion of an endogenous cofactor which is not common to the-pathway Hhere 
,. 

"'ater acts as reductant. 'l'he dependence of quantum requirement on ·absorbed 

intensity for NADP reduction by reduced DCPIP is very similar for quanta ... 

so:ne and fer chloroplast preparations. Hence' tho lifetime of the excited 

intermediate must be nearly identical for the two systems. Thi~ is a 

further indication that the intermediate is ·endogenous to the chloroplast 

or quantasoma.struoture. 
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APPENDIX· 

The rolutions~ip betwcon .qt.rantum requirement and absC>rbed intensity 

for the mechanism present~;d in. equations (l) - (4) can be dedved using 

a modification of the conventional steady-state kinetics treatment. We 

assign a rate constant!) ktt to· the sum of reactions (2) and (3) at low 

limiting light intensities 11 and an intrinsic probability, p, to 

ch<lracterize the fraction of C* disappearing by reaction ( 3). Under 

these c.ircumstances th~ l'ate of reaction ( 3) is 

whereas at higher light intensities-it decreases to 

~= k ... ._ o.· 
dt 

owing· to the reduction of the st.eady-state concentration of- intermediates, T •' 
application of 

By /the steady-state appro:dma.tion to the formation and disappearance of T~' 

by reactions- (3) and (4) • 

' . 
Similarly,_ for- C'~ 

J 

Eliminating O't between tlMse two equations. and solving for Ttc, to-T\! obtain 

T~'t r: p (J I T Q. 
· k~ T0 + p ¢ r' 

By substituting this e'tprensl.on'_·:for 'r* into the equation for the rate · 

of formation of products by reaction _('"')eo 

V = S!_, =· k · T* . ~ .. - l 
' ...... 

., 
we obtain equation ( S) directly. The final .result does not depend on 

the vulue of kt, but instead on th·e intrinsic probability of C* deoay~ng 

,. ' ~ 

; 
_, 

' 
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via reaction (3) as opposed to reaction (2). It is this competition, 

plus the assumption that some reactive intermediate T is appreciably 

depleted at higher reaction rates, that leads to the prediction of a 

linear increase in qu.:mtum requirement with increasing light intensity • 

ABBHEVIATIONS US:CD 

UADP nicotinamide adenosine dinucleotide phosphate 

UADPH2 
,, n IT " 

AbP adenosine 5'-diphosphate 

DC~iU 

FPNR 

Tris 

DCPIP 

3-(3,4 ... <lichlorophenyl)-l,l-dimethylurea 

photosynthetic pyridine nuclo?tida reductase 

tris(hydroxymethyl) ·a~inomethane 

2 ,6-dichlot•ophenolindophenol 

..... 

' 

'.fc 

" reduced form 

. ·-
t! 
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Quantum requirem~nt for NWP reduction by s;>inach chloroplasts at 

wavelengths f~om 550 to 71•0 m}.i .. -comparison with litorature values. 

L '. 
j.Slacl< 0 fGvzson,. 
;Gibbs & Gc'l:"'don7 }loch f. l1artin5 
i 

I I A. "' ). f) I '-<o "'O • . I -
I - C:h lc!'op hy ll i 

l 
550 5 .. 0 l0p~/r.nll501.t;:,t/m 
600 q.s 

1649 

~·._.....__ 

I 650 4')2 2.0 
I 560 3o9 I 658 . 2.1.!-
I 

G'lS 3,$ 679 2.3 I 
I 690 4o3 693 ?..o 3.0 ' I 
j 700 14,. 1700 2.,9 3.3 

I 
710 6.2 s .. s 
720 9,.1 

I 730 .a·o 7: 

I 71+0 e .. a 

-

Hcch (1 l•U·1rtin5 

.i\ Qo 
Chloropby ll 

l?~~/nt~~50tlg/ml 

£.49 3.7 
658 4.3 
578 4.8 
693 2.0 4.8 
700 le8 2.7 
710 1.6 2.1 
720 24~ 

730 2.5 
74-0 3.1 

•a:~~~· •• t ""'ldna~H'Irl' I 

~ 

Govindjee, 
Govindj_>H~ & Hoc!1? 

.A .Q~ 
.··*"""' 

67!3 4.1 
693 480 
700 6.3 
711.1- 10 .. 0 
721 9.,8 
730 '12.5 
71+0 l7. 

Thin study 

A Qo - .SI~loroplt.t~~s 

sso 2.0 
600. 2 .. 4 
6tj.9 2oG 
660. 2.2 
679 2.0 
688 1.9 
703 l.S 
708. 0 .. 9 
720 1 .. 2 
730 1.7 

Th!.c:; .. -to dy_ o'"'U~ 

}.. Oo -
550 l.$ 
600 1.7 5 
649 2.2 
660 '2.1 
679 2 .. 5 
688 3.7 5 
703 4.1 
1og G.S 
no 7o8 
730 9.6 

Qo 
Quantasomes 

·. i 

:···· . 

·.! 
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Fig,. 1. 1\.pparatus; s.amplQ compartment of the Cary Hodel 1462 

fer illu::1ination of the sampl~ cuv~tte. Filters H' 1 (or 

mouoch:r!omatot-) and CF 1 sellllct the actinic wavelengths. from 

light and chloroplast fl.uor·cscence f'r0'~1l lrtt~rfa:ring with 

· th~ photor.1ul tip licr .. 

Fig., 2o Absorption spectra of spinach chloroplMts from·sso to 

800 trill• Upper cm~vo (!~olid): no:t:'inal transmission spectrum 

using Cary t•!odel l!.t Spo.ctrophoto1:1atc:r ,.;t th normal cell co:n-

po.rtm<.mt &nd HTI/ R-136 photomultiplier (sea Refo 13). Lo;·rcr. 

curV!!~ (colid): scattered-transmission spectrum using Cary 

Ho<l~l 1L~G2 Scattered-Transmission Accessory with Durnont G9ll 

photomultiplier. Dashed curve: opal glatis apectru.111» using 

Cary 14 Hith normal cell colnpartnl'lnt and R ... 13t; photomultiplier; 

ba~rns; superimposed on scatt:aNd .. transmission spectrum out to 

plnst su2ponsion. 

Fig,. 3.. Absorption spectra of spinach chloroplasts and quantasorJM~:; at 

loug wavelone;ths t:tti.•ing C·!i!'JI' 11~ Spactrophotom~t~r with Hodel 

14$2 Scutt~Nd-!ran:;n::.ission Acc~tsory and Dumont 6911 photo .. 

.· 

l 
, ~ ,· : ' 'I 

I 

j . · . ., 



. -27-

LEGSlWS FOR FIGURES (Continued) .. 
Fig. 4. Rayleigh scattering of spinach quantusomes from 760 to 900 ml-1:· 

'I'urbidi ty of quantasomes (middl~ cut"Ve of Fig. 3) vert> us 

inverse fourth powor of wavelength. 

Fig. 5. A trace of the time course of the photoreduction of NfillP by 

isolated chloroplasts excited at 720 mp. ( DCI>iU/DCPIP /ascorbate 

system). A molar extinction coefficient of 6.2 x 103 1-mole-1-cm-1, 

for NADPH2 at-: 3 39 m1.1 was used. · .. 

Figs. 6 and 7. The relationship betHeen the quantu'n requlMmcnt· for 

NADP reduction and incident intensity. """""'"""o---. the norm:•l 

reaction where H20 is electron donor and --o-~ ascorbate/ 

DCPI1' as electron donor in the DCHU-poisoned reaction. 

Fig. 8. The action spectrum for NAD? reduction by isolated ~hloroplasts 

for the normal (-o-) and DCt~u-poiaoned·(-a.-) 

systems. 'The quantum r~quiremcnts are values obtained from . 

. extrapolations to zero l.nt~:msi ty. 

Fig. 9. The effect of.the·ccncentratlon of DCPIP on tpe quantum yield 

of HAOP reduction by chloroplasts excited at 678 miJ. The 

standard reaction mix:~urc was used with sufficient chloroplasts 
(1 em path). 

to give an absorbance of 0.80 at 678 rmi.L Incident intensities 

used were 0.20 (filled circles) and 0.57 (open circles) nano-

einstains/cm2-scc. 
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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 thi~ 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 contract~r, 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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