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: deternine the true dbsorption spectrum of chloroplasts at wavolengths

Submlttedtzgc‘é?[ // &\?&/ .
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ECTTO¥ SPELCTRA [€D QUANTUM YIELDS FOR AAD“ RLDUCTICN BY CHLOROPLAST
Kennaeth Saucv and John 3iggins
Department of Chemistey and Lawrence Radiation Laborat@fy,-

University of California, Berkeley, Californie, U.S.4.

GUNHARY

The photoreduction of HADP by c¢hloroplasts is chserved to occuri h

with a reqﬁiremént of 1 to 3 quanta per elaec¢tron transferred to HADP

at vwaveiéhgths'frcm 550 to 730 mu in a DCHU~poiaoned system when re-

duced DCPIP i3z present as electron donor. In the normal reaction,

with water as donor,'a similap quantum raquiramabt is. observed from

550 to 6520 Wiy but this risas to approairatuly g quanta per electron

at wavelengths long«r than 700 mu. Tho rtsulta are interproted as
reflecting the participaglon of two pigment 8ystnms.' Some characteristiés:J
of the absorption svectra ‘of tha WO svstems are discuszed..

The suantun requzrem&ﬂts at nearly all wavalengths studied weve‘/y':’
‘ound to incraase 11naarly with increasing iﬂciden* 115ht in*ansity for
both reactions. Wa propose *hat an activated intermcdiate of the photo~ b
syntﬁctic unit,'wi*b an estimated li“@tima of 0.05 sec in the normal,
reduction of NADF by chloroplaots and 0.15 sec in the DCﬂd?ﬁoisoaed
system, la»responﬂlbla for this intewslty dep@ndence. o |

Small quantasome aggregate& praparad from spinach chlorépiaets are.v
shown to be nearly half as effici@nt as intact chloroplasts in the phOtO’
raduction of ¥ADP using reducad.DCPIP. A mﬂthod is described whereby A

the . absorption Spuctrum of thesa quaﬁtasoma aqu@nsions can he used to

where light scattmrlng is predominant.
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T thw livnt3 Oxygen is nor liberat»d se 101p as DCMU is preaent' however. In

" the normal systcm {water as oonov)s*?, end far the pomaanad ayatam ;.7‘i -

2m

. INTRODUCTION

Th§ normal‘coursa of photosynthetié slactron transpévt in,ﬁighéé
plant chloroylasts leads t§ the reduction of NADP to NADPHQ witﬁ watcf,3
as substrate, bacum¢ﬁb oxidized to nale"ula" oxygaﬂ. Coupled with'this‘;
orocess s the non«cgc*mc “nasphoﬂyla*xon of ADP to ATP. DCMU is a
potent inhibitor of - : - it AR photosynthaﬁis.,vbut.in p?&pévé-,
tiong af.isola£@d chloroplasts this inhibition can be relieved, in'paét, '
v the addition of the couple. DCFI? pluu ascorbat 2, Un¢ervthgge.cir~_tlz

cumstances the reduced,DCPz? takes the plage of water as the electronf

donory NADP can7th@n ba r&ducad and ADP phosphorylated by chloromlasfs

the absence of DC%U, the oyidlzed form of BCPIP serves as an oxldant

for the chloreplazt Rill reaction, leading to the photooxidation of water R

to molecular oxygen. Thesas obzervations led hosada,.gs;al;afte the :conclusions that

(1) there ave twc-light'reaction& involved in NADP reduction whereAw&tax
serves as the electron donor, (*i) enly one af these is. lqvo ved in the
phetoreductzon‘of HADP in the presemce of added'DCﬁU_mndAraduced $CEIP;‘
and (1il) the othevrligﬁtireactiqn alone is rogponsible for the Hill |
raactiqn.with oxidized DCPIPe |

Lvidance has'baon prdsanted fo demonst”ate'that thes two 1-ght
ragctions arisa from abgarptlon by different yigmant systems 1n chloro~ B
plasfaq. SQVawal reacent studxaa hava app@arad &escribiny aetxon spactra

and absolute quautum raqairemants of hADP reduction by chlorcol&sts for S

(ascarbata/aCPIP as donor)s. Thers iz & considwrable measuru of dl3~ '

cordance anong thn'Varioua‘r@aults‘ The pruaunt s*udy is an attmmp* to
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resolve some: of the difficulties through the use of a difforent experi-

N

wmental approach. In particular, we have continucusly monitored the °

concentration of WADPH, throughout the course of the reactlon in order - o

to coryect for the revarse ozldation of HADPRQJ In addition, we hava

used & novel technique for determining the trus absorption of chlorce

plasts at long wavelength where light scattering normally makes an

overwhelming contribution,

MATERIALS 4ND METHODS - . - G

Prenaration of chloroplants and guantasomas

£

Chlovoplasts weré prepared by minor modifications of the method

of Hoeh and Martind. Sixty sm fresh spinéch lnaves were'thnroughly‘_ﬂ.;

washed and refrigerated after the ramoval of the mid-ribs. They were

blended &n 100 @ml of ice-cold 0.4 Y sucrose, 0.05 N Tris chloride

(pll Bo0), and 0.0 M Hall for 10 sec. The homogehate was strained

through efght layers of cheesacloth and centrifuged at‘lOOO'g for one

mine. The supernatant was cantvifuged at 1000 g for 7 min and the

pellet resuspended in 50 ml.blending medium. Whole chloroplasts were . |

sedimented'by recentrifugatioh‘at 1000 a.for'7_min.§3 .

nQuaatasomg aggregates were prepared byvlySing thavwhola,éhlaro~ v
plasts in 40 nl 202 H tris-Cl, pﬂlsg The suspension w&s.agitatgd
gently for 10 min and cuntrifugmd at L0900 g, 10 min, ‘The green

sediment was resuspended im 15 ml 102 M tris-Cl, pH 8, and sonicated

for 90 sec by means of & Raytheon 100¥, 8 Xc . magnetostriction bscil~‘ v‘*;'
lator oparated at fullVVBltaga, The sonicate waa-thén'ultracéntri~ ;7l NERRT

fuged at 105000 g for 20 nin and the supernatont ratuinea az our

preparetion of quantasoms aggrogates. _Typicallyfthesa part£c1ﬂs

P )




contain an average of 8 quantasomes as . saen in the ¢lactron nicroscopd.

- .
Tngywe nreparationd

PPNR was prepared from uinacn accorainp to the procedura cf San

8

Piotro and Lang througzh the 74% acetone pvchQitation stup. Thgv

protein was P&diSSOlVed, centrifuped dialyzmd agaihst 5 x 10°3 B friéll'
nioride (pH UOO), and further purified t%rough the first Dzhﬁ-celluloaa

‘aoluﬂm treatrent of Hlll and Bendall’ * fhethed?. This partially~purixiad

praparation contained chloraplaSt_ferradbxile and f&rradoxin«ﬁﬁb” _

rﬂductasall. The hrvparauio vas assayed in the photoraduction of NADP

by c¢hloreplasts uszn whive light aad thercafter used in gaturating

~COncentrations in the quantum requirement determinztions.

arants

2 Gu;’é

NADP and Trizma base were obtained from thé.Sigma Chemical Co.,.
St. Louls; ADP from the Pabst Brewing ?q.; ﬁilwaﬁkag; Dému from duPont
da Hcmours, wilmiagton; and DCPIP from K and X Labor;tcrieé, Ja@aica,' :
New Yérk. v |

Resction mintures

-

The reaction mixtures contained theﬁfollowiag in umoles/ml: potas~

sium phosphate, pH 7.5, 503 HADP, 0.5; ADP, 1.03 MgClp,.7.5 and a
saturating amount of PPHR. In DCHU—peisoned‘prepapﬂtiona the above .
reaction mixturm was used with the following in umoles/ml: DCHU, 0,013

sodium ascorbate, 5.03 and DCPIP, 0.04..

AP_ b aratusg

Experiments were carried out us ina a Cary Model lu spectvcphotomator C

difled in such a way that the ab sorbaqce of the reaction mixture at

339 mu could be monitoped continuously while the sample was being ir~

adiated from the side with &ongér wavalangth.lightlza A &iagram of the
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apparatus is shown in Fig. l. ‘A'éa;y Hodel 1482 $catt@n@d Transmissién
Acca;sofy was modified so that the exciting light could be directaé
through a set of filters in the side wall to irradiatuuthe éample cu#atFé

in the spectrophotometer bean from one side. Light from a tungsten

srojection lamp (General Electric DFK, 1000 watt),.yowareg with a Variac,

was aﬁilimated using & sgherical mirror and passed through 4 cm 6f water
and a Corning l~5§ infvaréd~absprbing glass, fOne or more cuf-offﬂfilteré
(CF 1) and an intérferehce filtér (IF 1) were placeq in.a port'iﬁ the
gide of the Scat;ared Transmissiop Accessory and a ;eus inside smerved -
to concentrata the beam‘incidant on the sample cnvettéq An ogaQué bar= -
rier pravented exciting light frpm,reachiﬁg ﬁhe/refarenca cuvette, Which
contained a povrtion of the’saﬁélr@actionnmixture a3 that in_tﬁo Banple
cuvetts, Ail samples.were irradiated at. room temperature. |

Sar a éeoond seﬁ pf.mxperiménta a grating mcﬁqchrcmatbr (Bausch-
and ﬁsmb, 500 mm) wés used te grévide’actinic lighf in_placavoflthe
arrangément involving intcfferenée filtéra describéd above, Sultable
cut«off'filters were usoed w;th the moéochromatov tc‘réduce'stray light
at shérter wavélengths. Results cbtained using the-tﬁo'activatibn ’

systems were in good agreement at all wavelengthe studied. With the

interferonce £ilters the marimum intensity available was more than ten .

times greater then from the manodhrwmatar‘at an aguivalent bandwidth,
howavar. |

Tha cuvettes used were consfiructed with four clear sides and a
re;tanguzar internal cross-seation 3 mm x ld.ﬁm. .The spectroéhotomater
measuring beam traversed the long dimension, as shown in Fig.‘i. It

was necessary Lo place a aet of.complameﬁtazy filters,'C? 2 and IF 2,'

in front of the photomultiplier (Dumont 7664) in order tb»prevent stt@yi'

ey

PRaT

T Bl EBA L T v imaem s ten o S ki e gt e

|
-

f

i
ot
i.
¥

At ey b =




CwBe

exciting light or chloroplast fluorescence from interfering with the - L
absorpticn measurements. For this purpose, an interfevence filter ~ . =~ . ¢

{Baird Assbciatﬁs), transmitting in its third order in the ultraviolet,
was coupled with & Corn;ﬁé ultravielet~transmxtt1ng £ilter (7-60).

The exchthtion wavmlength interferencc £ilters (IF 1) ware of the L o

" blocked, narrow~band type (Baird Assogia»ea,,zypaxﬁul} with half band-

s e s

“widths about 10 e The supglgmentary_cutedff filters ware selected . . .
to reduce the trensmitted &n;@nsity of ahortet wavalvngth@ to a very
low level., The Corning supglmmannary f;ltevo usad at each w&valcngth

studied waves (1)3~aa at 550 and 600 wuy (i) 2-58 at 649, 660, ana 679 =3

(131) 264 at 688 wmug (iv) 2-54 plus 477 at 703, 70R, and 720 myug and '_
(v) 2-64 plus 752 at 730 mu.

Lizht lntensity measuremants

Weasurem@nts of light Lntenaity were based on sﬂcondary standard
llampa obtahved fyon the eationﬂl Burcau of Standards, Washirgtcn, De Cc.
A Reeder thernomxle (Co t, Rvader CQ., Detroit), calxbrataa using the

standard lamp, w&s used to determine the wavelengﬁn_dapendance of the

Sumeee vml v

san&ifivity of a 3iliconvsolar cell (Hoffﬁan;'Tyée 120 €6), using tha::  
Bausch and Lomb $00 mm grating nonochromator énd‘a tungotaen soﬁroa. J[f.f,,f:fv ﬁ"@
Incidant.int&usifies for the illumination'exp@riﬁents were'maagureﬁ |

at the sitaowh@rm the aample cuvette ia noréally placéd in the &gpar&fﬁs. :
CorrmctEOﬂs_weﬁa a;pliéd to fha results foﬁ the meaéurad reflection 1058 :

(5%) at incidence on the cuvette sides. o S Lt

e

RESULTS - - | S S

Abserption spectrum of chloroplasts

An essential prereguisite to the calculation of quantum raau*rammnts

of photochemical reactions ic.an accuratse measure of the numboer af‘quanta

B R D T PR
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absorbed, In the casa of chloroplast 5uupepsicn3 this is QAifficult,

“especially at uavelanrtﬁa longar than 690 nu, ouing to the subgtantmal :

ght sc&t*arlng exl lbitﬂd. Uae of the soasured transmission. of tha
J .
sample in tbe calculati*1s may laad to large errors on thzs account,

The tachniq que we uJed for. estlmotxng absorbed 1nteﬂsxtie9 is based

" on a study of the spectral properties of chlgroplasz and quantasamm

preparations®3. Figure 2 presents a part of the absorption spectrum

for a single preparation of spinach chloroplasts weasured using:three

different techniquess dxract absorptxon using a2 Cary 14 Spectro~

photometer with a normal cell compartmant, the opal glass technique

of Shibata, Benson, and Calvinl®, and th@'gcatteréd»transmission methoé
with a red sensitive photemultiplier (Dumoﬁt 5911)., The latter two
spectra are nearly identical axcept that'the opal-glass technique is

not reliable beyond 700 mu13 A sample of quantasemes preyareﬁ from = -
another portion of the same chloroplast praparation was also measured uuina
the &qatferea~transmzssian methods The 1on wavalength ;a*l of ths rad
absorption band of a congentrated éuspensién,of quantasomea is shown in
Fig. 3 aleng with tha spectrum in th@ sama region oF a cancentrated gus=
pcnsion of the chloroplasty. The lattar haa bﬁen ﬂormalized go that the
absorbances at 678 mp ara each 10.0. The effact of light scattgring on
the chfo"oﬁiast spectrum ot these long wavelengths is suéh that direct
m;é% remente, even using the sca*tevedntranSmmssion technique, would |

not give a wood measure of the true abaorption of the preparation.

Thc spe¢tram of tha small quantasome aggregates can be satian'_*

factorily corrected for Ligh; scuttering. The correction is amall in

~this cawe, and it can be executadvaccurately based on tunbidity medsure=

| oments from 760 to 900 My, whove thevre is no absorption. BHome neasured




o
| upt;cal den ity valves from 760 to 900 my ara plottad versus the
reciprecal fourth power of tﬁe wavalenwth in Pigs 4. The. points fall

3 on & good straight 1ine passzn? throu&h tha origin, as is expactaq for.f-

‘llgﬂt acattering from small particlcs (Rayleiph scattmring, Extrapola~>'

tion of this llne to shorter Havaleng the aerm&ts tha calculatzon of the

cont“;aution of acatterln& {+) the mwasured spactrum at any wavelehgth
and, by differonce, the true absorptipn spectrun of the quantaa
preparation {dashed curve in fig. 3). )?ﬁe faét*fﬁat fhe séattering
corraction is small in the case of the Quantgéome preparation p¢rm£ts.
the cpmputation'of a raliable'ﬂSsorption-sﬁectrum.by this wm%had. Thie

is less true for chloroplast suagénsions,,wheve the particles are large -

and the tuvbiéity of the preparations is greater than the true absorbance ,

at wavelengths longer than 700 mu.
%n'nOW”make tha aasumptionathat the’truélabaorption spactruﬁ of"v
chloroplagts is idanticél to thét of quantasomes pr@par@d from then,
aften norﬁaliu&tzgn baﬂed on the meussrcﬁ vabues at the maximum at

673 mi, Soma argumcnts suppcrtinr the valxdity of thia as sumptionvarev

presented by Sauer and ?ank13. Thus, frnm 8 single scattared~transmis-

sion messurement of chlovoplast absorption at §78 m g whera tha confriu  13‘;j ;i;.3f

 nutiﬂn from light scattering is relasivnly nznimal, and from t&@

nornmalized quantasame absorption spectrum,.we comyut@-the ebsorption

of the chloroplast sque siong at wavelengths wﬁere the diract'measurmé o

- mant is zngossible by owy technique short of us;ng an ideal intmgrating '1‘

sph«_}?m.

Photcreduction'of NADR by chlcrqplasté

Qup initial mothod of studying the ?hator@ducfien 0leAa? by'
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chloroolast37was‘similaritoathat of Black et'a1.7 and Hcch'anéAHarfiné;
Samples were lllumiﬁatad for a fixed time period, th» chlcroplasts whre
ret eved by contrzfuaaticu, and the 338 mp absorbances of the supar=-
natants recorded, In our hands th;s_teehnigug préved‘unﬁ&li&bl@@ qwing

to the very active First-order;reoxidation of NAD?HZ.' We subsequently

- showed that catalytic activity for this néoxidatién was assaciated with

our PPER: yrngarvtzcns and with the cnloroplast stroma, and that it couldv_.w

not ba remOVed by short tenm-ultracentrzfugatxen of the sample%. He

 found it necessary, therefore, to adopt the continuous spectrophoto- .

| metric messurement of NADPi, concentration, In this way trus fnitial

velocities for the: photoradustion uncowplicated by the regridation could .
be obtainad.

A typica1 tracg of the time course of the, photc“roductxou of VADDHZ o

' is shown in Fig. 5. zhe fFollowing charactaristic features of thﬁ trace K
were agenerally abserVed in determinatxona suﬂmarizad in this rﬁport:

iy A atable lavel of ahsorbaﬁce at 333 2y in the dark, (ii) an initial

rapid ri e.durznp'whlah about 0 2% of tha avamlabla NADF is'raduced,
(iii) a period during which a slowur, Jut constant, fate of formation'’
of } HAOPHQ OCﬂurm, (iv) a gvadual decrease in this raaction velocxty
ufter about 5% reduction of the initial HADP, (v) a brief rapid dﬂcrease
in absorbamca unoa cessatiou of illumination fellowed by (vi) a alOWOP |
decrease of the absorbanca wnich continued,far a long paraod of tlm&., -

Vtage (ii) was not observad if a second Bucceasive puriod of

'.illummt on Was gi.ven t0 the Same sample. even after a darbt z.nterval

of several mxnutaa,

. The steady initial velocity chosen for the reaction was the limitingv’
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slope of the néarly 1inear‘?ortmon [stage (iii)} followiﬁg the tva%siewt
initial raold ris The 1ocation or this linL fng tengent coulde in |
general, be'datérmined unambiguously from a p@gidn in which therevwas-nd'
prono unced'curvafureﬁ of the trace. After this 1inear pertion; fhe~re§ki‘,
 dation becomes sufflciantlj preat evan xn the light ta cause a dastincé
'dncrease in tha net rnte oF hADPHz formation. | |

Zn erdap to make certaln that ather changea Ln absorbance. at 339 TR

ware not znflugncxng the - m«wqituda of our rasults, vz SCanned & number |
~ of the diffévance spectra from 300 to 550 mu before and after perlods,c:>.
iliuminatiaﬁa Tha spactra consisted invariably df a #imple‘absgrpﬁiqn
peak aﬁlsag.mu, and there wes no evidence of significant'bléachihg of
the photosyﬁthatia pigﬁunts or éﬁang&a in turbidity of'ﬁha il;uminated-
samp;e; In separste exparimenta we determined that.thé présence of
chloroélaais'ét thé highest conéentrationa usadtdid not sivnificantiy:
affect the axtlnctloq confficxant of NADPH, at 33% my in the dxfferance

5pe ctra measured using the ¢ cxtt@red~transmission technﬁque.

Uuaﬁtum recuirenants and actien 3gec ra

Quantum requxrammnta for NADP reductlen fov each expcrimnnt wer&ni‘fc

- caleulated from the:steady initial raaction valocities and the calnulated -;i

absorbed intensities. kxperimentS‘were cavrxed out altarnataly fov the |

normal and the BCH U»pcisoncd systems with otherwise idontxcal reactxon_

conditions. At aach‘wavelength the incident intensity was varied over "

at lsast & teq-f@ld vange by adjusting the iamp‘volt&ge.v. |
Ariguvea 5 and 7 show @xamplés 6f the dépehdencé.df the quantum

reqaiv@hant on incident intensity. At all ﬁ§§elengths studied &nd for

RPN
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both reaction systéma the quantﬁm rwquirémégf inc?uaseb 1inmari} with
inéanaiﬁyq Ths positive intercépgg, determined ffom eALrapo= -
lations tO Zero intensity, are yléﬁt@d as a function'of'actinic wav§¢ .
length in Fig; 8; These data are mean valﬁeé feaulfing‘frcm up %o
five sopavata exp@rimants at =ach wavalength;fnéome "o chiuboplast
preparations and three PRUR preparations are invelved. The#a quantuﬁ
:requirmments are aléc_prasantad in Table I, al@ng with gowe values in f
the same units which we have calculated from data and curves given in
the reégnt'litavature;. |

poth_the normal and the Dcmvﬂgeisoned'raactionn have quantunm :
raquiramants.in the range l.5 to 3.0'ainsteiua/equivalent'of HADP reduced
-befweanlﬁua and 67% wp. AL wéval&ngths longer than 673 my the norpmal
reaction shows a pronounced incraase'in'quantua_raquivament charvacteristic
of the first Emerson effecﬁls, whereaslfhe requireﬁantifor thé poisoned
reaction ﬁppeafnr to degrease to about one-half its value at shorter wavéé
leugths, ’wa.toék particular care to insure ?hat the.nopmal reaQtion:does'_
indeed pracéed at 720 em:". 730 my with mqui‘remntscf fxo mere than about’ :
2 guanta yéf elagtron. zHé effective stray lighﬁ of'anelangths 3hort$r
than 700 mu'waslprasent in the actinic 5eam, aé deéonstvatéd by'tha intba~ v
duction of additional,suﬁpleménfaby cut;off’filters. :By cloaing'thg ”f'

spectrophotometer 81it for a period of time during the progress of expari-

meats at these long acdtinic wavelengths, we showed that the 339 my analyzing R

:Aﬁeam wags ineffective in sahsitiéing the reduction of KADP, Furthermore,

~

the reduction of HADP in the noymal system at wavelengths greater than

700 =i was completely inhibited by the addition of DCMU,
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Pepondence on light 1ntﬁns*ty

“,‘he quawtum rbqa;remaqt for RADP reductiou by chlcroplasta increaoes
lln&arla thh increasing incident lxgnt.xntgpsxty for both vegctiono |
- studied and at all wavalehgthgifrom 550 to 730 myu, except for fhe nérﬁal

‘reactlon at the longest ana;gngths,.as ﬁated ﬁei¢w. ?his behavior has
been raported préviously by H&eh aﬁd‘Marfins, and a similab dependence

- was cbserved for the HIll xeaction using férricvaﬁidelﬁ‘l7 | - Lumry and

:'Rieske ostalated s~vcral m»chanlsma fov tha 1nter9retatiou of theSe
resultsl8, Tne following mochanism is one of the simplar ones they

t prcppmed‘andvit\ﬁppﬁar; to be auvac*ant to Lxglain our ob,arvutiona:'

B0

| C o> O e P ¢S
C(ep) - : T
CH om0 ' o (2) | : | ‘.
- P ]
Ch 4+ T e (3 TR :
TH 4 R oty T 4 B T )

In this schame light'inéensity.z absorbed‘by plgment molecules. ¢ (pra=-

sumablv chlonuphyll in the waveﬁenﬁth ran@e studied) excites them ;,-4 '

to reactive specxes.C*‘thh a,primary guantum efficxency ¢¢ At very low
iight.intensitias seme fraction p of (% transfars:ifs egcitatien»to a

| trapping site'o: reactive intermediate, T, acc;rding to réacgion (3)f1
?ha remainder of O is deactivated écébrdiﬁg to reaction-(é} wifh an” :'fﬂ‘f : frtf]

intrinsic probability (1-p) and will not lead to the formation of

products. The @xcitad‘trapping sites T¥,; once formed, inevitably leaﬁ k7"”:le ffff
to the conversion of reactants (HADP andeatev or ascorbate) to'produotS‘ﬁ

(NADPH, and oxygen or dehydroascorbate) by a series of reactions summérized )
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in equation (%), At higher lig ht intanﬂiti@é the steady~stats concen~ -
tration of T Qill be reduced from the valua-T. present in the dark ox .

- at low lxm;tﬁng light &ntenaltxes, and the proba:ilaty for reaction (3)
will decrasase from p,to»p(T/Tc).

Using the steady-stats approximation fo“ tha-concantratién of the
(see Appendlx for details),

excited speeies C% and T¥./one readily cbtamwa for tha raactxcn veloclty .

the result

where e oa gt frt t .Tﬁ
' ot TR

The psaudo fip§t~order rate constant, kl, wii1 be coﬁstant oniy during
the early s:ages of the reasction before the concehtration of regctanth-

has decreased appreciably. The quantum requirement, Q, is then given by

1. 1 I .o L.
Q:v »..ﬂ)+-—---kl,r° ,Q‘>+RD . , (8) f

Equation (G) predicts a linear relationship betweea the quantum re@uiraJ’;

ment and the absorbed intensity with a pogitiva,slope.~ The intercapty

Q> i3 the intrinsic quantum requirement . for the overall reaction at

zero intensity, and the slope, l/kD, iz a measure of the rate parameter

for resaction (4).
- The slopes of plots of quantum requirement of HAD?'veduction versus
ahsorbed light intensity for both the normal'énd'thc BCHU-poisonad

system appear to be independent of w&velength; howaver, the data for

the normal system at wavélen rths beyond 708 o 3catt&r &oe mach to giva~“,  e

reliable values (e.g., see Fig. 6). Avaraga values for *ha ps&udo zero—_f!ﬁ””'

ordar_rate constant ky were caleculated from all results regardless of

Y S

. .
. . i
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of wavelengthe. The valuegzobtained Heres 1,6“ % 0,7 x 1077 equivalents~
Liter~l-sec™* For the BPMd~poiacned aystﬂm and &, 8 pp 7 % 10~7 for the

norpal system, This parameter characterizas the rate of reaction (4) in

the uwechanism presented above and presumably ‘ineludes a dependence on tha
congentration of one or more endogenous chloroélést cofactors, It iS"'v 1"-'f{?ﬂ
sigﬁificant that this paramater indicat&svthat-raacticn (4) is #hr¢a f

times faster in the normal system than in the DG ﬁUepoisoﬁed sysx@m. 

A study was made to determine whetharftha concentration of the

DCPIP/ascorbate couple is liriting for the DCHU~poisoned system. For

(%]

this purpose it is sufficlent to study the dependence of quantum yield';

of RADP reduction cen PCPIR condéntration. Figure @ summari?es'thé regalta 

of such an prari?uﬂt carried out using 073 myi Lllumination at two dif-.

.farant Incident inten&ities. - Sufficient chloréplasts were progent to

nga an abs orbance of 0,80 (l cm path). Concéntration&'of all other come.

punents ware the same as those normally used, with the eycapt1¢n of B ’._-'”fffi |
DCPIP, which was varled., At ha hi ther light intansity typlical satura- | |

tion curve is obt a&ned. If indophanol‘is‘zncluded specifically as a .

limiting reagent (firsteorder) in reaction (%) it can readily be shown

'- that the quantﬁm'r@quiremﬁnt, Q, should be linearly related té tbe
r&cipvocélvof DCPIP concentration. The data are in good agréeﬁent with

such a prediction: For a plot‘cf'qugntum yieid.vgrsus'bcPIP.coacoﬁtratien

the théory §§edicta a hyperbelic r@laticnath. Tha curves shown in |

Fig, 8 are drewn on this basis or compnrison with the data. The satura~.

tion values of quantum yield with incraaaing dye concghtration, obtained

from reciprocal.plets, are 0.263 and 0, 378 at the hbghér and lower intensities,
respective;y. The concentration of DCPIP normaliy usad thrcughoﬁt this |

study (G.0% pmoles/ml) gives ovex 909 of the satuvﬂﬁien-gumntum'yiald at
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cach Intensitys This axperimant ahows,tha;'nq-inggeaae in DCPIP concenf'
tration will increaseAth@.quanﬁum efficienc&iof the ghOtormdnctiun to,
anywhere nzar the level at ta;nahle by decre asxng tha 1ncident 1i“ht
intansity. The DCPIP concentration (and, by inferance, tha ascorbate
conco1*ratzon) is thurc ‘ora not a limiting factor in the xinetic scheme
under the coaditionz studied. |

Photoraduetion of NADP by quantazones

In addi-icn to the ability of uu&nrascme pr@pﬁfﬁtioné to carpy out -
the HLll reaction and to support C0a fixat-Oﬁlg, wa naVa now observwd a -
ralnt;vel* 5h level of &Ctl?itj for NADP reduction in tha preannCP of
added PPNR. Bes ~“u1t were obtained using the ascorbata/DCPIP coupla
a8 reductant in'tﬁe DCMU-poisoned reactién. and in the absence of ADP

andVMgCLQ. Under these conditions the quantum requirements at zesro

incident intensity were 6.2 at 649 and 678 mu and 4.0 at 703 and 720 wu,

The intensity parameter kD could be measured ralxably anly at 6&9 and

l

678 nu nﬂd valuas of 1.3 % 10 -7 equivalengs-llter ~secT! were obtained in.

each case. 4These rasults show that the quantasome preparations are
almost half as active as chloroplasts in thelr ébility to photafeducg‘
KADP, We feel that the demonstration of such e‘highblavel'of activity'
increases the plausibilitv.of‘the impobﬁant assumption underlying‘cur:v-
nuantuw r@quxranent calculationq fo. tha chloropla&t syntea—-ﬁumgly.
that tna true . abserption spuctra of chloroplasts and quantasaneg ureigiv
dsentially identical in the long wavelength rﬁg;on.,

| | DISCUSSION

Three recent yuhlicationa‘presant action spectra for'zhevabsdluteL:;”

quantum requirament of NADP reduction by chloroplasts with water as ..
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reductant>~7, In addition, results for the ﬁCEU~puluoned system using
ascorbate/DCPIP as reductant are presented by Hoch and MavtinS, Seygpal
values giving the wavelenpth dependence for the péisoned syétem have
been repovted on a relative baa;s by Aﬁnon, ggﬂgé:} ~ Soma éertinant results
extracted from these studlies ars put In the camwon units and aummarxzed
aiong with our rasults in Table I. Theve i3 & substantiol lack of agree- -
wment among. the varibus workers;  For axmnpl@,-fof thc‘norma;_rmactioh at
about 700 =mp, Black, gﬁ_g&#ﬁ cbserve a quantum Yequirement of 14 einsteins/
' equivaleﬁtg ﬁoch and Martin* report 2,9 to 843, and Govindjaag'gg‘gég?-
paport 6.3, and we obseryve B.0. |

Black, 2t al. used abqorpti¢n values neavureé’by tha opal glas¢
‘technique, It would appear from tha previous ‘disoussion of the large
contribution of gcattered light to such measuraments that tha large quantum '
requirenent 5 they report for the normal rg&cﬁi@n a2t long wavelengths may ..
be apprecladbly overestimated on this basliz. This Eactov nay al°o account
for their rise in quantwn r@gulrﬂmant aroun& 550 mp where the anoroplast :
scattering is, again, ralativeLy great, Our studles 8how a quantum
raguirament at 550 my whzhh is sli hitly lowar, if anythxng, than thosel
at 1cngar wavslangths, |

vIn genaral, our results agrée ratherx weil with thosa_of Hoeh and .
Martind for both the normal and poisonéd éystems. Their study 15 Sasad‘
on absorpticn‘megsuremants usigg an intagratihg sphere specﬁhophotcmetav,’
which shou;d markadiy #educe-thé'light scattaiing inté§favance at long
'uivelengtﬁsu Altnough they were aware of the éark ruaxidatzan of fADPﬂo,‘

it is not apgargnt from their papcr that any correction fbr it was at-

temptpd. This factor could be uxpacted to contribute to the diocvopancles
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vhich remain between thelr data and ours, Tb@éc,diffenences are
grantest for the DCmG~insc Qd system, whera ve £ind the raoxidation
to be nmora grswouncad. This would have the effect of making their
quantum requivenants appear t§ bes too 1arge..'They ars some 50% greafér‘
thaa 6u: carrespoméingAvalues,

fhe.valuas ouptalned by Govindjea, g£‘3£&§ are substantially’
greatar throughout thisvwavaleﬁgth region for the normal sttem._ This :
discrepancy is p uzzlzng sinece their measurements were carried out using
the same t@chniQuas and ﬂith the same,reaction mixture as were those
raported by Hoch andvﬁartiﬁ; |

At wavelengths less:.than 680 wmp our meéSuvementa indicata.quantum
raquirenentsfor both the normal and the ﬁoismnad reactions of 1.5 to 3
einsteinas/equivalent &nd not strongzly wavelength dependant. Hoch and
¥artin and Black, gt lo raport little cha ge in tha quawtum requiremants
from 545 to 678 mde  The relative quantum raquiramants obtainad by Aranon,
gﬁaggb for the an ~poisconed systen exﬁibit a maximum at 661 mu %nd-lowar
valuag at both 1 on@ e and shorter wavalengthso .This behavior is difiérén:
Trom each of_the-cther previous studies and from ours. Arnon, gg;ggg:did
2ot extrapolate thelr measuremnents te zero iimng intensity, and 1nsuffx~
cignt det&ils of‘tbaxr experiments are reported in the publication for us
ro'attempt to resolve the discgepancies. | | |

sachandam involving two plgment systams

Qur observations of the dependence of quantum requirement for HADP
reduction on wavelength far these two.raactibn systems can be accounted=

for nicaly in terws of the two-plpment systcm mechanism prowasad for

=2

higher plant photo yw+hetzc energy coﬂvarnlan?l“?3 w@ follow the notation




,/"J‘ - ' . " ...16..

of Duysens, et al.?> in d* gnatiﬁy the lonyg waval&nh~h dua0r~1ﬂg pig-

ments as system I and the 5‘ovtsr wavolangth plpnants as system II. -
There is much evidence to support a current formulaﬁimn'aﬁ the mechanism

13

£ photosynthetic energy c¢onversion in which two photo-absordbing steps

‘act In seriss to give the reduetion of HADP using water as reductant
» .

and loading to the evolution of molecular OXYgeT. In this mech§n£$m4>j
pigment systen I wmadlates the transfor of electrons from an el&c ron

Tran saori intermediate (cytochrome £ ?) vg TADP via for radexnin, and :%
pizment system I mediates tha transfer of electrons from water to an :
oxidized intermediate (plastoguinone ?) leading to cxygen‘productioanv
The reduced plastoguinons would then react‘thraugh‘an alectrnn'tranngrt'
chainvwith oxidized cytochrome £ in & dark reaction which can couple to

a phosphobylatiaﬁ step. DBoth pigment Systems must be activated for the
normal reaction to proceed efficlently. With added DCHU the sacond lightf
reactich"isvblocked and elsetrons proﬁideﬁbby cofactors such as reduced
HCPIP can be transferxred to HADP usiang system I alone,

Thé mechaniga duucrineé above would requxra a n*umﬁum QL two quanta

vahsorbed per alectron t?aanthed to KADP for the normal reactﬁon and,

one guentum pep electren for tha poxaoned system. - At analan&ths whare

cne of the pagmcut syatems absorbs relativaly weayly, higher quantum'

| regquirensn ta would h@ expected.

s

Dur rasulis vaw be acconnted for in tae framawork of this mmcﬁanism

by assuning thaﬁ, at wavmlqnpths lonsar than 700 my, pigment system I- jar

accounts for approximately 80% of the total absorption and system 11

agcounf3 for 20%, At wavelengths shorter than 680 my each pigment system

is responsible for about half the total abscrption,  Furthermore, we




assume that electronic excitation energy camnot be transferred as such-.

from one pigment system to the other. These assumptions lead to.thex |

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

lengths the omtlmum quantum requxrgmenu of 2 would be obtained since

both pigment systems are being act¢Vuted at eoual rates; '(ii)‘at longer ..

wavelengths the normal r@action would have a quantum requirenent fouva
times greater, since %he low absorbance of plgment system II’&t these
wavelengfha'limits the overall efficiency with_whicﬁ_electrons can bé‘
oﬁtained from waterj (iii) for the DCMUQpcfsoned reaction a quanéum'

requivement of 2 is oosvrved at short wavelengths, since only half the

quanta absorbed are used to excite system I3 and (iv) at longer wavglenaths,

where ystem I acecounts for 89% of the absorp*ion, this qngntum requlra-

ment drops nearly to 1. These conclusions are in gond agreement with

the data of Table I and, if the~hypothaémsare correct, they lead to the'

observation that at low limiting light intensities these photoraductions

of NADP by chloroplasts are ooeratlne very near optxmum valueu.

It would be tempting to Lnterpret the inltlal rapid transien*
increase in absorbawce at 339 mu (sLage i3, Fig. 5) as reprecentlng an.
even more efglcxeqt prcduction of NADPh2 durlng the_very first stages
of theireaction. 'Such a conclﬁsibn is not yet wafraﬁted howevcv.. The’
effect iz so small that we cannot convxncinply demonstrate that this
egrlxest absorp tlon change does indead repres ent‘NADPLo formatlon or'
even reflects a band which exnibits a maximum at 339 me s Tha efféct.
is qOﬂ@Whut variable and is raquentlyabsentov baraly obServable até'

the lowost llght intensities. It may , therefore, reflect the inltzal

approach to.the éteady~atate conditicn, during which the concentration !

of T is decreasing from its Initial value T, and duriny which a faster

i

[P W o L

%
y
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reaction velocity would be expacted. This simple explanation will not

account for the rapid transient decrease in absorbance at 339 my.(stage vi)

P

when tﬁe light is tupped of £, howéQer.‘ The two éffects}toggther could

be accounted for‘by postulating a_émall activatedi(bound)‘fraqtion of
NADP which gets ccnvertéd to NADPH, very efficiently>at fhé 6nset of.,

»1llum1naLiOn and ls rag“nerated at the cxpenae of boupd NADPH2 when tha
;ght is turned off. Further studies are.called for,ln order to,elnc;~ v'
date the'cause of these interestiﬁg transients.'\A I

Kinetic limitations at high light intensiti@s N o

A1 anaLycls of the dependence of thp quantum rcquirament for NADP :
g reduﬂtlon on the incident nght intensity suggests that at higher in-/
tensi ti»s-an inere ing fractlon of the absorbed radxatiou is dlvcrted
from the photochemxcal 9rocess. The siwplest explaﬁatlon Lmnlxcates an
lntermedlate or trapping site present in relatively lpw concentrationhv
in the system.' Eléctﬁonic éxcifation eﬁergy resulting frﬁm the absbrbedﬁ
light is transferred to thiz intermediate 65 trap and resﬁlts %nvita_
activation.l Apparently the return of this Speéies to its unexcited

state is a rela£ively slow reaction in compariéén_with the rate of
abscrption ofJQuanta_atfhigh intensities, and a low:steady—state §on~'
centrafionyéf unéxcitedﬂin*ermédiates results. Under theée;circum~.
stanceu the excess absorbed quanta are dlsszpated, presunably largsly
'by a thermal proceas, and a high quantum v«qulremeaf for- the photo~ -
reduction is ébserved. Thc kinetics are essentzally -ndependcnt of

the wavelength of excltlng 1ight, thh the poss;ble excep;lon of the

normal reactlon at long wavelengths. The lLMltlng factor is apparently

@ndogenous to the chloroplasts, since both PPXR and DCPIP (when prQSent)
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were demonstrated to be at conpentrations négr satﬁration levels,

A reasonable explanation cf,fhis~effect'can be made In terms of
the photosyathetic unit. Park and Biggins?4 give evidence that tﬁa |
quantasomes'obsérVQd in spinach chloroplastsugf@ the morphdlogical
expression of the photosynthetig units. - If we assume thét there is
only one trapping sita-per‘photoéyﬁthetic unit and that its pigment
éémpositieh isithat‘r@ported by Park and Biggins, we can estimate the
decay time of the excited traps from our qﬁanfum requiremént versus -
';qtensiff data«-spécifically, from the values of kD..'

An absorbed intensity of 4 x 10“7Heinstéins/sec-liter is sufficiént
to double the quahtum-requirement at 678 mu for.NADP rgduction by
reduced'DCPIP‘inna suspension of spinach,chlqroplastsfcontaining-about.

5 x 1078 moles/liter of chlorophyll a. Iniaccordance with the mechanism

proposed for the intensity dependence, we propose that under these con= -

ditions at steady state only half the photosynthetic units are preaent'

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

some or photosynthetic.unit contains 160 chlorophyll a molecules. The
zbove auspension of chloroplasts will contain 3{1 x 10-8 moles of
quantasomes/liter, on this basis. Half the absorbad intensity, or

2 % 1077 cinsteins/sec~liter,_is &ctually effective in exciting the

traps and,vﬁnder these conditioﬁs; each trap ié @xciﬁed oﬁ the.avarag&:v'
6.5 times per second. A 50% stéady-stafe léﬁei of excitéd tré?s'isl
maintained under conditions where the rate of decay of éxcitedvtpaps5 ::
is roughly equal to their rate oﬁ‘formation. Hence, the decéy time

of excited trapé must be of the ordér.of 0;;5 sec for the_DCMb«poisqned.

system,

e
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For the normmal reaction, with wafqr as electron donor, the .light
intensity required to double the quantum requirement of NADP reduction. .
is 12 % 10*7 einsteins/sec-liter. The dgqay of excited’unitS'for thié
reaction iz therefore about 0.0S.sec. TSisfcompares févorably with
Valuegiofxo.oa sec for the‘timc batween successivé effective quantum
abéorption,acts determined in intermittént illumination studies by
Emerson anﬁ Arnold?d, Because_tke mechanisms df_the two reactions wé :
have studied are certainly différent, we cannot;know whether the rate-
limiting step occurs at the same point in éach'case; It does seem tgat
the turnover time in isolated chloroplasts is_three'fimes fastér when
electrons aré provided from water via ﬁigment system II than when they:
.derive from reduced:DCPIP. Since DCPIP ié present in saturating amounts,
the,slowér-ratenlimitiqg step in,thg latter case'impiies the yaﬁticigéé '
~ tien of_an enaogenous cofactor whicﬁ is not common to the.pathway'wherév
water acts &s reductant. The dependence of quantum requirement ohf%ﬁsorbed
intenéitf-for NAbP reduction by reduced DCPIP is very similar for dﬁantaa
some and for éhloroplast preparations. Hence, the lifetime of the axciéed‘
inte:mediatghmust be nearly identical for the_t?o‘éystems. This is a
further indiéapion that thesintermediqte is<endogenous.t§ the chloroplaét
or quantéSémaist?uctufe. | |
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APPENDIX
Tha relationshi§ between guantum raquirement and absurbad intensify4

for the mcvhanlsﬁ Drn ented in equations (l) ~ (4) can be dcrivod uoing
a modification of the conventional steady-state kinetigs treatment. Ve
Sassigﬁ a rate '_constan*ts Kis téfthe sum of reactionsv(z) and (3) ét log_
C1limiting liQHt ;1tenSitia°, and an intrinsic probaoillty, p, to
characterize the fraction of C* cisapoearing by roaction (3) Under.

: thase circumstances the rate of reaction (3) is

whereas at higher light intensities it decreases to

HdTi’" 2k ) . T - | To~T% o
ik v P S S

. ouing to the reduction of the steady— tate concentratidn of»intcrmediates, Te

application of
By /the steady«s\ate approximatlon to the formatlon and di appearance of T#

’by rezctions (3) and (u).

aT# To=T# ' -
. ,S-t . . TO l ; ‘ ' . o

Similarly, . for C®

g‘{? ¢I-ktC*=O
Elimi natlng C* hatween th:se two equations and solving for T*, we- obtain

=02 81Ty
¥ K To * 6 1

T*

- By substitutingvthis expressibnﬂfbr T* into the equation for the rate -
of formation of producto by reactlon (14)e |
we obtain equatlon (5) dlrectly, The finaL result does not depend on? 

the value'of kt,-but instead on,tﬁg intrinsic prbbability of C*'deoayiﬁg_ !
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via reaction (3) as opposed to reactién (2). It ié‘thié‘comﬁéfition;,
plus the assumption thai'some reagtive intermediate T is appreciably.:
depleted at higher reactiomrrates, thaf leads to the prediction of a

linzar increase in quantum requirement with increasing light intensity.

i od

ABBREVIATIORS USED

NADP “ ﬁicotinamide adenosine dinucleotide éhésphate ’“”“;v ';E.
ﬂADPHz "i " L . " s réduced form
ADP adénosine 5'~diphosphate

DCHY i 3-(3,Q*dichlorophenyl)-l;l~dimethylurea _ o

FPHR photosynthetic pyridine nucleétide reductase
Tris tris(hydfoxymethyl)'aminomethane

DCPIP  2,6-dichlerophenolindophenol
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. TABLE I
Quantum reQuirgmﬂnt fér N&DP reduction by spinach chloroplasts aﬁ
wavelengths from 550 to 740 mp--comparison with litm:atufe valuas;i
Qo is the zevo intensity quantum requiremant,inteinstéins/aquivalenf‘

at wavelength A (mu)..

-

- ormal System (1,0 Donor) -
3lack, Fewson, o Govindies,
Cibbs & Gowvdon’ | MHoech & Nartind Covindiea & Hochb This study’
A Qo A U - " A R A Qo
Chlorophyli ) S
550 5.0 Lonz/all 50uz/ml ‘ - 550 1.6
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-
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Absorption spectra of spinach chloroplasts from 550 to

800 wie Upper curve (solid):  normal transmizsion spectrum
using Cary Model 1% | pactroknoto eter with normal cmll com-
part“ezg and BTV R-136 phot cmultlplxer (see Ref, 13). Lowor.
Hodel 1462 ScattereduTransmisgion.Accessary with Dumont Goll

photcmultipiier. Dashed curve: opal glaaa spectrum, using

Caxy 1& with aormal cell comsar*nwnt and Re~136 photcmultlplxer;
matcheé opal plass diffusing platea in sample and refersnce

beansy superimposed on scattared-transmission spectrum out to

700 my, ALl three measurenents were made on the same chloro-

plast sus wension s L

&bsorption spectra of sp ach chloroylasta and‘quantasomas at
lan¢ wavelongths uaing Cary 1@ gactraphotomater uzgh iodal
14%2 umttvrad*;rd, siggion Rccugsory and Dumont 6911 photo~ ‘;‘
miltiplicr, Curves Da nermallyed to an abgorhance of 10,0

at 678 myp, Lower curve (dashed): computed quantasome absorp-

wion corrected for light scattering.
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LEGEZHDS TOR FIGURES (Continued) S
Fig. 4. Rayleigh scattering of spinach quantagomes from 760 to 900 mul
Turbidity of quantasomes (middle curve of Fig. 3) versus

inverse fourth power of wavelength.

Fig. 5. A trace of the time course of the photoreduction of NADP by
igzolated cuoroplasts ekcited at-720 I (DC"&U/DCPIP/ascorbate

P

ystem). - A molar extlnctlon coeff1c1ent of 6. 2 X 103 l-mole l—cm"l‘
for NADPH; at~339 mu was used. |
_ Fizs. 5 and 7, The relationship between the quantum_rqquirement'for
NADP reduction and inecident intensity, ~mrewmQuee——, the normal

—, ascorbate/

reaction where Ho0 is electron donor and - o

DCPIP as electron donor in the DCMU-poisoned reaction.

Fig. 8, The action spactrum for NADP reduction by isolated chloroplasts

@

for the noOrmal (ese—o- ) and DCMU~poisoned -( )
. h* o ’
systems. ‘the quantum requirements are values obtained from.

.extrapolations to zero intensity.

Fig. 9., The effect of the concentration of DCPIP'on'tbe‘Quantumﬂyield
of'HADP reduction by chloroplasts excited atv678 mu.. The
Otandard reaction mlyture was used with sufflcvent chlovoplasts
(1 em path). _
- to give Mﬂ absorbance of O 80 at 678 mu/ Iﬁc*dent intensities
used were 0.20,(fllled-circles) and 0.57 (open circles) nano-
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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.

#



~ B 2 R .
. - .
K o, .
e e
. e
AN 2 - .

i






