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~ ABSTRACT: The photoreduction of cytochrome ¢ in the presence of

~ Intact chloroplasts occurs with a high quantum'efficienoy; sing.

UCRL-16283

ACTION SPECTRUM AND QUANTUM REAUIREMENTS FOR THE PHOTOREDUCTION

OF CYTOCEROME ¢ WITH SPINACH CHLOROPLASTS
Jeffrey Kelly and Kénneéh Sauer

reduced trﬁnethyl—p—benzoquinone (TMQH, ) as,reductant and In the

'presence of 3-(3, 4~dichlorophenyl)-1, l-dime*hylu*ea {DCMU). This
reaction has a requirement of 2 cuanta ab orbad per electron trans- '

- ferred to cytochrome ¢ for exciting light in the wavelength region -

from 620 to 680 my 3 the quantum requirement then falls to 1 quantum
per electron at uavelengths greater than 700 mp., These resultu con-
firm the conclusion of Vernon and Shaw (1965) that this redox
reaction is medrzted by chloroplast pzynent system I in the presencc
of DCMU. ‘The quan‘um requirement of unity observed at long wave-

lengths shows that the reaction probably oceurs with thc naximun

- efficiency obtalnable,.

~ The evaluation of the action spectrum for cytochrome ¢ reduction
together with that for the chloroplast Hill reaction, photocatalyzed
by pigment'system II (sauer and Park, 1965), strongly suggests that

there 1s no appreciable transfer of electronic excitation energy -

_ between the two pigment systems in spinach chloroplasts. The two .

‘: light reactions apparently Interact only at the chemical level of

photosynthetic electren transport.'\A medel is'presented which

. rationalizés?this conclusion by the physical separation of the two

igment systemu on OpPOQitC sides of the chloroplast lamellar unit.
EERRARBERES ' '

“#From the Departmcnt of Chemistry and Laboratory of Chemical Blodynamics,

University of California, Berkeley.. The work deucrlbcd in this paper
was sponsared in part by the U, S. Atomic Enerpgy Commission.
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- .The recent studies of Ve“non and Shaw (1965) oenonotrated that

" the photoreduction of cytochrome c by whole chloroplasts is: stimulated_i
' by the addition of various hydroqu&n01oo, including reduced triﬂethyl«
' p-bcnzoouinone (IWQH?) 1 The stimulation is only partlally decreased

. in tbe presonco of DCWU, a potent inhlbitor of oxyven evolution by

chlorOplasts. mhio finding suugested to Vernon and ShaW'tbat thes

'hydroquinones serve as electron donors for the long-wavceenoth pigment'

syscen I of vhloroplasfs. ‘

w The present investibution seeks to determine by means of ;ts

"aotion qpectrum whetber this photoreduction is a sygtem I reaction.,_fi”

|
The evidence strongly suggests that ‘such is the caee, ana the data are‘

used to derive the pectral absorption of pigmeot syotem I. The ection

spectrum for cytochrome ¢ reduction by chlorcolaets is found to i

- sinilar to that reported previously for the photoreduction of NADP

h DCPIPHé and ascorbate in the presence of DCMU-—& known system I

reaction. (hoch ard Martin 1963, Sauer and Biggina, 1965), Further-
. more, the consideration of the action‘epoctrum for.cytochrome ¢ reduce

- tion together with‘that for the'chlofoolaqt Hiii'reaction (Sauer ard -

Park, 1965)—a sy tem I reactlonp-provides Sorong evidence to °upport

‘the hypothesis that there is no transfer of electronic excitation energy

betmeen the two pigment systcms in spinach chloroplasts.

1Abbreviations: TMQHo, reduced trimetnyl—p-benzoouinone, AADP (NADPHQ),
nicotinamide aaenire dinucleotido phosphate, DCPIP (DCPIDHZ), 2, 6~

. dichlorophenolindophenol DCMU 3—(3 4—dichlorophenyl)~l l«jhﬂethylurea.



' Materials and Methods '

Chlor'oplasto were prepared either fron fully grown CO’IK'!&I’C.L&J.

spinach leave.; or :f’rom 6-8 week-old plants grown from seed in a grow‘ch

chamber, as described previously (Sa.uer and Park, 1965) Horse heart'

c,;tochr'cme Cy obtained from oi@;m Chemical Co., St. Louis, was dried

'under Vacuwn over I"Ig(CLLO)4 )2. earrple.: of the dried cytechrone were

oxidized with ferricyanide and redL.ced with dithionite, and a

Asxs'gg‘gx of hi 9 X 10“ R.--mcle"3---cm"'-L was obcer'vod. This is in good -

. sgreement with- values of~l 9-2, 1 X 101‘ z-mole"l-cm"l in .,he literature |

' (Paléus and Nielands, 1950, I’Iaosey, 1959) Do was obtained from

duPont de Ivemours, Wi]ming'ton.
TMQH2 was prenarcd by reduction of 'BMQ (K & K Labora’coriea, Janaicay

N. Y. ) with dithionite in a two-phase reaction mixture of water and

toluene. I‘wc'ther purification vas achieved oy crystallization of the

‘I‘MQHZ from toluene or’ dicthyl ether f‘ollowed by sublimation in Vacuo..

.A partial reoxida‘cion to TMQ was observed in air e».ther uporn recrys-

_ tallizat on or upon solut,Lon of‘ the solid "Mqliz in ethanol to prepare :

~ the reagen'c solution. Thus, »he reaction nixture contained some T\’Q

at the o’cart of the photoreactlon.-
Reaction ra‘ces were obtaired by continuouuly monitoriné. the

absorbance of‘ the rcaction mucture at 5149 5 mp (the: a-band maximum f‘or

cytochr'ome ¢) while the sample was being irradiated from the side with

| longezs-wavelength ligbt A Cary Model 14 svectrophotomcter with a :

nodified Model 11162 scattered—tmn‘smmelon acce.,somr was ueed as A
aeocribed by Sauer and Biggins (196 )) Exciting light was obta*‘med :

from a Bausch and Ionb monochmmtor with supplementary cut —of‘f F.’ther.;,

- and llght intensity measurements, corrected for ref lection loescs,

e
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. Bnli
were made using a calibrated photovoltaic cell.
The reaction mixture contained potassium phosphate, pH 7 5,

0. 05 M‘ sucrose, 0. l M and the following in umoles per liter'f'cytOg

chrome ¢, 503 TWﬁMé, 85, and DCMU 0 9. (The TVQHz and DCMJ were made
up in ethanol oolutions, which were diluted 100~ and 200-fold

reSpectively, in the reaction mixture, ) A sufficient amount'of'the

: chloroolast preparation w®s aaded in the dark at the start of each

measurenent to give an absorbance of chlorophyll at 678 my of 0.3 to

0.7 for a 1 cm puth. It was fourd that a solution containina cyto-

hrome c and TMQH? becmﬁes deactivated slovly upon standlng in the

derk, consequcntly, a fresh reaction mixture (2 ml) was prepared for

each wavelength of exciting 1ight studied Al ogether,,seven different

chloroplast preoarations were uued in the s“udy. These generally '
exhibited no 1oss in activity for periods up to 5 hours in the oarx at

O” C.. All mea"urements vere made in air except where noted, and at

- Toom temperature. In no case was the photoreaction carried to more

tnan 15% c(1Version of the cytochrome Co .
‘ ‘ , .
Results

l,'
1

”he photoreduction was studied as a fUnction of light intensity

over a 5- to 30«ﬁold ”ange at each of 2& wavelengths in the revion ,

;rom 620 to 7&0 .. At each anelength, the calculated quantum require-

‘ mcnts were found to increase somewhat with increasing incident licht

intensity. Ao 1n prev;ous ctUdLGS (oauer and Edggins, 1065, Sauer ano
TR . 4

Park,'l96 ), the measured quantum rcouirements were extrapolated lineerly

to zero 1ight intens;tv. »The zero 1ntens;tv quantum reunrements are ‘

S
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summarized as a function of wavelenbth in Pig 1 for the two chloro- -

plast preparations studled most extensiVely. ”hree otber preoarationo

N gave results in ercellent agreement w1 h these, 1n the other two thore
L was a partial inactivation of the chloroplauts during tbe ioolation _
N procedure and quantum reouirements about twice as large were obtained,

but with the samo wavelength dependence.

The system usually cxhibits a fairly strong back—reactlon in thc.

- dark following illumination,_although for two preoarations of chloro~

plasts it waé virtually abeent The rate of the back eaction, when

‘it occurred, . vaa proportional to the percentage conversion of the cyto~

; chrome c, and all photochemical rateu reported are corrected for the

aporOpriate 1nterpolated dark reaction. An attempt to reduce-this

back-reaction by purginb the reaction mixture with nitrogcn proved

ﬂ'unsuccessful' no chanoe in rates of eithcr the back—reaction or the

photoreduction was observed. _
A reaction mixture in which the chloroplasts had been heaued to

65° C for 3 in, conditions known to oestroy syetcm I aotivity (Vernon

and|Zaugg, 1960, Rumberg and Witt, 1964), exhibited no cytochrcme c .
photoreduction when it was illuminated at 680 mu. This is taken as an

: irxiicatim that the photoreduction requireo the integ;rity of the chloro=

Iplast structure and not just the prescnce of the pigmentu.

Methyl amine is known to uncouple the chloroplaot Hill reaotLOns

.'from photOthSphorylation and to Jower the quantum requirements for the

Hill reaction at moderate 1ight 1ntensities (Sauer and Park, 1965). n

ir

the case of cytochrome c reduction, howeVer, methyl amine (10 umoles—nl'l)

~  had no effect on the rates of either the photoroduction or the Lack» -

reaction.

e
v
i



Diqcuesion

| On the baois of their observation that the photoreduction of
cytochrome c by T"'IQH in the pr'eoence oi‘ chlo“oplasts is largely _
DCMU-1insensitive » Ver'non and Shau ’1965) proposed that in the prenence

of DOMU the reaction ie catalyzed by pig,r“ent system I. The action. -

| snectmm oregented in Ih{:. 1 of this paper 5 rongly supports their :
conclus.ao-x. The action Spectrum has a fairlv constant- zero-intens.tty
'quantum requjrement of 2 quanta aboorbed per equivalent 01' _cytochrome c -
reduced for wavelehgths from 620 to 680 mu. '- At longer emvelem’the |
there 15 a aecrease in quantwn requirement to 1.0 qua.ntwn per equiva—‘

1ent at about 710 mi, which romajnu constant to 740 Mo - The very high.
efflciency (low quantum requirement) at waveler*gth.: longer tmn 700 n‘u‘ )
is a characteristic feature of systm I -catalyzed reaﬂtions by higher
plant chloroplasts. It differs strorbly f‘rom the action spectrum of

the Hill reaction usine; DCPIP ox' ferricyanide, where the quan‘cwn ‘ |
vrequiremcnt ie 2-—3 I‘rom 640 to 680 mu and then increases as mich as

“ 10-fola at wavelengthe longer ‘than 690 Iy (Sauer and Park, 1965).. The

| action opectmm for cytochrome c reduction by chloropla ts is similar .

" to that for the chloroplast. cata.lyzed photoreduction of NADP by ascowoate |
coupled with a emall amount of DCPIPH2 and in tbe presence of DCMU (Hoch -
and Martin, 1963; Sauer and Biggrin.a, 1965). The ascorbate/DCPIPH2 couple ‘_
provides electrons in lieu of watcr and does not apparontly, require

" the Par‘ticipation of pignent system II,

The quantbm requirement% for the’ cytocmme c - 'IMQHZ reaction are

" unifomly 1ower then thoee obaervedlpreviously for NADP reduction using

; . . that '
ascorbate/DCPIPH2 » and we feel/tne former are more representative of the
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_ optimum photochcmical potentiality of pigment sgstem I. Oh the 5asi~
vjfof the best evidence available from the L;terature it seems that tne
.":cytochrome c - TMQHQ nhotoreduction is an energ y-storin& rezction

'?j_which requires more than just a suitable cataljst in order to Droceed.

'TE' for ferro-ferricytochrome c is +0. 6 v f*om nH 2. to 7. 8 (Rocxey and

-;Ball 1990), whereas for TM“HQJTMQ is 0 527 v (Clark, 1960) At
' 'pH Te 5, where the preocnt mea surement Mere. carrlea out H 7. 5 lu:'

_calculated to be -0. 18 v for the T"4h25- ferricytochrome reaction.'

"Thus, the posit on of eouilibrium lies in the airection of resictants

and'an‘apprecieblex-extent Q;,reactlon.of TWthuwith‘ferricytochrome'

- c¢an occur only by means 6f energy'provided by the’ctioroplast"igbt

. reactions.. As a consecuence, th*s photoredction canrot be a photo~'

catalyzed chain reaction, and it must obey the Einstein law of ohoto-

chemieal equivalence. The cause of the higher quantum requirements of

Sauer and 2iggins (196 ) for hADP reductlon 18 unknown but some con-

_tributing'factors céﬁ be postulated It is possible that a chlic as
- well as a non-cyclic pathwaj exists for electron transvort betveen

| hADP and the DCPIPHZ/aSCorbate couple. In the cyclic pathway, «ADPF?

would reect with DCPIP/aehyur0ascorbate to complete the cycle and the

~net reduction of NADP would conscouently be decreased. This vould serve

“to increase the observed cuantum rcquirement fron thdt resulting from -
';'the non—cyclic\pathway alono. LIt s been reported tnat ferreuox1n,’~
‘f;which is an essential cofactor for the NADP photoreduction by chloro~ .
, f_plasts, can médiaee cyclic pnotosynthetic electron transeort (Tagava,

T}':Tsu.jirhoto aﬁd Arnon, ;963, Arnon, 1qu*moto and Mcemein 19Cﬁ)  Other

fdctors which: dre O ible-causes .ol the lover. cfftcscncy of.this. photo~

reaction are tre diffcreﬁt source of spinach used by Seuer and
|

|

7N
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Biggins, the difficx,.lty characterizing accuratelv the chloroplast
.‘ferredoxin/fcrredoxir-mADP reducta e premration (PPNR), and the unex-
| ._plored ef’ects asoociated with the uncoupling of photophosphorylation

’.ﬁ"o*x tbe NADP reductlon.
i The pr'ecence of a cyclic Dathwa.y seems to us to _
a be tbe most likcly explanatlon, howevor R further studies ar'e required
to clarif‘y this question. . | '

I‘jﬁ 2 shows activatlon opectra obtainea by the techmque oi‘ cauer

- and Park (1065) of multiplying the observed Aero—intenoity quantum
yieldo (reciprocal of tbe quartt.m reouirement) at cach wzwelengfth by
- the normal zed total abaorbance of upinach chlorop.Lasts. .The actlvation
.‘Spectra cbtained in this way represent the absor'ption spectra of the
., Mactive pignent""' 1 that portlon of the ‘cotal piggnents reuponolble
“"fo; the. sensituation of the particular protc reaction bein,o' studled.
‘The experinental points (0) and the dashed.curve througn Lhenm owmarize'
_the results of this '*tudy on the cy tochr*o;:e c - "LQHz reaction. The
activation spectrum for the Hill reactim using DCPIP (Sauer. and Pc:rk,
'1065) is also preuentcd in FL, 2 for canparison (A solid curve). "’he |
differenccs between these two activation spectra are mst pronounced at -
mvelengtho lon:rer- than 680 mu, where the former spectrum is virtually -
- ldentical wi’ch the normalized a.bsorption spectrum (tOp"l’lOot curve in Fig.
| 2) and tbe lattcr activation '"pectrwn is nearly Zero. In addition R tho :
maximum of the cy tochrome c - TVMQ activation spect'um (system 1) occurs _
- at about 680 mu, whereas the maxh“am of' \.he DCPIP Hill reaction activa-— -
."tion spectm (oj stem II) is nearer 675 np. "‘he dlfferences in the

reb on of maxjmal chloromhyll b. ab«orpulon (ca. 650 mu) are slight., It



S . o -3~

would be hazardous to assign chlorophyll b primarily to pigment :

uystcm IT on the basis of the evidcnce of Flg.;2._

: One additiona1 curVe, representlng tbe sum of the system I and
'syetem IT activation spectra, is presented in Pig. 2. This synthe-.
‘ slzed Speetrum 15 seen to be very sﬁnilar,'both.in,ébape'and magnitude»_i
 to the observed absorptien spectrun, giving.streng confinmation to the ' 
'FprOposal of Sauer and Park (2965) that the activation Spectfa are really
| the absorption spectra of the reSpective pigment systens, and that the ;
.?eum of the activation spectra is simply tﬁe‘overall.meaenred atsorption
spectrtm. This would not neeessarilyste the‘case if there were appre—
eiable tranefer of electtonic eﬁcitation energyvfrom one nigment system
to the otner.e To the extent that this occurs in anyZWaﬁelength feeion§:
each photoreactlon can utilize cuanta absorbed by both pilgment syctems and
1ts notential efficienCy “ould be ralsed. Wnen the activat;on opectra :
for a eystem I and for a uyotem II reattion are then added, one would
anticipate the bosgibility that the sum would be appreciablj greater |
N +han the absorption spcctrum, particularly in the wavelength region from
620 ‘to 685 my whﬂre beth syotems appear to absorb comparably.-

An alternative method of anaTJzing the results is presented in

.Table I, where quantum ylelds fo‘ the cytochrome ¢ reduction and Por

the DCPIP~Hill reaction are tabulated at the various wavelengthc of

v exciting light In the last column of Table I are g;ven values for
| the sum of the quantum yields for the eystem I ard system II reactiono

at each wavelength. € electronio energy transfe* were possible betwcen

| "the two pigmcnt eystemc, the sum of quantum yielde for thelr reSpective :

' reactions "ould be as high as 2 at scme wavelcngtbs. va no electronic :
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energy transfer is possible9 then the sum canrot be greater than 1.0

*gg_any wavelength, The data in the last colum of Table I are qulte

.clear.on‘ihis poin“; The values observed are 211 1.0 * 0.1 in the wave-
- length region from 620 to 740 nu, with »he excepuion of the region
7around the aboorpcion max;num at 678 nu, where the sum falle %o 0. 83.

(We now have evidence that the low values in this region re"ult from
vthe nonochromator band halfwidth of lO mu used routinely 4n these and
the previous studies. In this par icular egion of the spectrum, the
_ samplc is aopreciablv more transparent to light in the wings of the |
band of wavelengths *ncident on it than to those noar the cent ' Coh-
iseauently, the fr&ction of l¢ght abso bed by the sample tends to be
‘overestimated somewhat in our calculations. The correction 18 not ‘

- larger than that required to bring the quantum yield sum to & value of
1.0, hm%wrd | | o | L

It might be argued that one or the other or both, reactions are
proceeding well below optimal efficiencies and that energy transfer
aids in bringing the yields up to tne levels observcd. The finding
that the sum of quantum yields is within about 107 of unlty over such
a wide wavelength range. ﬁoubg?gg a fortuity defying any simple explana-
tion., Hb have every reason to beliove that the cytochrone c - T%th
reaction is, in fact oFeratinb at Optimum effic;cncy, since cnly one :
absorbed cuantum io requi*ed for each electron tranoferrea at wave-
lengths lonoer than 700 mu. Tt is mot easy to poetuiate a}simnle' |
E mechanism whereby this 1ntrins;c quantam yleld 1s then reduced to 0.5 ,
at shorter wavelengths,'at ‘the same time permitting‘efficient electronic.
energy tr ansfer to occur.‘ The authors believe that the simple t.explanaéueA

tion lies in the postulate thau elcctronic energj transfer can occur

‘;‘_ , T .A . S
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«"only within each pigmert system ‘and not be»ween then, and tnat the
P .lcoupling of the two pigment systems ocours only at the chemical lnvel.
. This postulate ls not one which is necessarilj obvious a ggiggg
‘,j?It is known that electronic excitatloq can ke transferred over falrly
‘[eflarge di"tanoes (30—40 ) oetneen molecules of chlorophyll a in solu-
‘n‘tlon (Watson and leingstone3 1950, Weber l960) Tnere is no oood
‘7fireeson to bclieve that such processos would not be pousible in vivo
:as well. It may- be that the absorptﬁon and emission 08 cillators of
-“the pigment nolecu10° of thc two pigment syutens in ViVO are oriented |
unfavorably with resncct to one another, ln such a manner uh&* radiative
transfer has a low probability.. This proposal seens unllkely in view of
~'the failure to observe any strong orientation of the bulk of the pigmcnt
1'_nolecules in. chloroplasts or activc lamellar fragmeqts 1solatea fron ‘
them, using the tests of fluorescence polarlzation (Arrold and Veek
'v‘l956 Goedheer, 1957), or. dichroism (Goodheor, l955,-~y>7} Olsen, Butler
- and Jennings, 10625 Sauer and Calvin, l962 Sauer, 1965) A mach
: simpler explanation is that the two pigment systems are phyoically
 separated in vivo by a distance greater than 30-40 8 and that the
medium separating them is one wnich does not espec,allv facilitate
the transfer of eloctronlc excrtatlon cncrgy9 p@rticularly for those
exclited states produced by the absorption of wavelehgths longer than
600 -nu. ‘ ‘  _. .
- A nodel for plgmeqt ordoring wiuhln the chloroplast consistent
both with the requirement of separated pigment sttems and with the
'current picture of chloroolast lameller struc»ureg eSpecially as
Ielucidated by the electron microscooe studies of Pary and coworkers

:fl;‘-ie‘ .



(Park and Pon, 1961, 1963, Park and Bigglns5 l96h Park 1965), is shoﬁn
| in Fig 3. ‘The model consif"cs or a. lanellar array of the order 100 X
‘thick nade up of a planar assembly of quantaoome particlcs, with the B
A molecules of the two pigment syutems 1moedded on opposite faces of the
‘planar array and secarated by a matriy containing procein and colorless
‘rlipid. Separations of at leaut 30—ﬂ0 X would be perfectly leaaible
H in such a.model. The intervening lipoprotein matrix would contain many |
of the . intermediate cofactors (cytochromes, quinones, plaotocyanin,
lphoooborylation sites, etc.) which couple the two pigment systems at
,the chamical level If adjacent 1amellae are in an anti—parallel
arrangemcnt 1rdicated in the model dnd strOngly suggested by the
eleccron microscopic QtUdieo, then the model hao the ‘additional advantaoc
of oroviding for the phyqical oeparation of the Dowerful reouctants _
‘(chloroplast ferredoxin, NADPH?) normallv produoed by plgment systan I -
" reactions and the pouerful oxidants (molecular oxyben, e*c ) whicb are R
Aproducto of pigment qutem II reactions. Any direct coupling bctween
~ these products by what would be a highly exotrermic dark reactjon would
A'constitute a diesipative process uhich would sericu ly reduce the effi-
‘: clency of photosynthetic energy 00uversion. : Lo o
Other models are pOSolblea Por erample, if tho reSpective pigment

systems were always separetely locatea on quantauomes in diffcrent regiono

of the lamellar urray, which in congictent with the views of Olaons Eutler

and Jennings (1961) and of Grousg oecker and Shefner (1964), the requisite

' oeparation ln space would be accomnlished We know of no compelllng o
'evidence§ ither morpholovical or pbotochenical, in supnort of this

hypothesis. On the o*her hand it seems to make th@ problem of chenical
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communication betwecn the two pigmenu systems that much more difficult.

”be anti—parallel lamellar hyoothesxs 111ustrated in Fig 3, where -

""_,the pigment systems aro on. opnooite oiaes of tbe same quantasomes and

L the central rcgion providee the pfinCiDul pathway of chemical comm“nl-.l

cat101 betmeen thems aopeals to u~ as being simnle conceptually and -
_‘conoatible with uhe notlon of the chloropl;st as an. ar”ay of photo-

synthetic units rouuhlv the size of quantasone:.

.Ackr0wlcdgments '

The, authors extena thelr appreciation to Prof. R.. B. Park for
. many stimulating discusoiono, especially with reference to the model

o proposed

' Referenceo

Arnold Wep and M“ek, E. S. (1956)» Arch. Blocbem, Bicphvau 60 82

,Arron, D, L., Tsujimoto, h I., and ﬂcqwain, 5 D. (196&), Proc. Nat.

Acad Sed. 51, 1¢7u. o

"Clark w. M., Oxidatlon-ﬁeouct¢on Potenfials of Organ c'Systems,_w1lliahs
and ilkirs Co., Ba;tlrore, 1960, P+ 368 ' '
"Goadneer, J C (1955), Biochﬂn. BEiophys. Acta 16 &7

| Goedheer, J. C (19*7), P“.D Thesio, Universzty cf Utrechta Tne thﬂCPL&nGo.

Gross, J. A., Becker, M. Jey and uhofner, A. M. (1064)p Nature 203, 1263

Hoch, .y and Martin, I (1963), Arch. Biocherm. Eioohys. 102 430.

Massey, L' (19;9)9 iochim. B*onbyu. Acta 3& 235.

“QOlson, R, A., Butler, We Loy and Jermms,, We H. (1961), Biochim. B )ymhys)

I

' acta 5k, 615.

01301'1, R Ao’ B\ltler, No La’ arld Jcmj.rlgs, "’\. H (1962)$ BiOCh.xm. PiODI’])IDO

Acta 58, llil&

s



A -iuL‘

Paléizs, | S., and Nielands, J. B. (1950), Acta Chem. Qcand l& 10214
" Park, R, B. (1965), g__Cell Blol., in press. o

Park, R. B., and Biggins, J.. . (1964), Sclence 24, 1009

f’Park -R B., and Pon, N. G. (1961), J Mol Biol. 3 1.
- Park, R. ‘B., and Pon, N, G;'(1963), _:_Mol 8101 6 'iosj“i-'

Rodkey, F. L., and Ball, E. G. (1950), J. B 101 Chan. 182, 17.,.‘;;

. Rumberg, Bv, and Witt, K. T, (1964), Z. Naturfor«ch. 19b 69J.1‘,;ﬁ?.‘

Sauer, K. (1965), Biophys. J 5 337,

. Saver, K., and Biggins, J (1965), Biocbim. Piophys, pcca 102, 55.

Sauer, K., and Calvin, M. (1962), J. Aol Biol. 1t51. .

" Sauer, K., ;'md Park, R. B. (1965), biochemistry, sub.mttcu for publication.

Tagava, Ks,‘msujimoto,.ﬂ.;Y., and Arnon, D, I. (1963), Proc. Nat. Acad.
Sei. 49, 567, : o |
.Vcrnon, Lo P., and Shaw, E. R, (1965)9 Biocﬁemi"tj 132,

Vernon, L P., and Zavgg, w. S. (1960), J. Biol. Chem, 235, 2728

' Watsoq, A., and Living tone, R. L. (1950), J. Chem. thq. 18 802

Weber, G (196”), Symp. Ccmo. Biol., 'Vol I M. B.-Allen, Ed. s Academic

Press, New York, p. 395.

=



-15-

.- TAELE If Quantum Yields for Cvtochrcme c Reduction by T%QH2 and
for thc DCPIP Hlll Reaction of Spinacn ChlorOplagto at

vamou0 Lavelengths ": .:

DR - 7 Guantum Yields
Wavelength - ' (equivalents/eins tein aboorbea)

oteys L dpoere® :¢Cyt + opcPTP

e Lf 'v'_i, 0.50
- 635j L" - 0.50 ;ﬂ" - _'o.ub L -0.94
e os0 . ode o9
": éuz'Ag . ,0‘50;” L '0;56" | 1.00
B o0 051 Lol
_‘~650 ’, 5 0.49 052 '.' 1.01
63 0.9 'i’ X R W
60 ods . oa8 0.6
A: 666 L  ¢.48‘ - "b.u2"j°f»: = _0.96“
Se0. . odr o 038 086
s ol 03 . os
68 o603 083
680 . o.uav"f- - 0.36 . 0.84 )
683 . 053 R
- 685 . 058 030 0.8
'690* ’1; 0.72° f  y 0,26 L Jf'b.98,
695 E;,f a 0-831 o ;:' 0.18 oo La
Coq0 . L0888 - . 013 1La
Co7oh ok ”
70, 1.0 o 0.8 . 1,08

'(Continued) - ‘



TABLE I (Contirued)
Wavelength -
()
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O Quantwn Yields : :
( egpivalents/elnstein absorbed)

1

e : ¢Cy?;j+A ocere

70

".‘ 1.00
1,00 -

S0.08 7 108
oo T o

100

—— N — _ _
8 Data taken from the results.of Sauer and Park (1965).
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Legends for Figurese

gggg l" Action Spect”um for the reduction of cytochrome c by -
TMQh2 using spinach chloroplasts (2 diflereqt preparatione) " The
' cuantum requirements are leues obtalnea ;rom cxurapol ions to zero

‘light intensi ty at each wavelength. .

"- Fggggg 2' Absorp»xon spectra of pizments reSponSLble for cytochrome c
,reduction by TMQHZ in nresence of D”VU (G and lower dashea curve) and
Ufor the DCPIP F111 reaction @, and lower solid curve; data from Sauer - |

and Park 1965) by bplnaCh chlorOplasts. Uﬂper solld curve 5iveu the

normalized absorption spectrum of spinach chlorcplasts, correctcd for .

1ight scattem (Saver and Biggim, 1965).  Upper dashed curve is the -

sum at each wavelenoth of the two 1ower curves.

ggggg 3 A model of a CPOSSwoe"tiOn of the chloroplaot lamcllar s;stem,‘

showing a proposed physical oeparation of the two pigmenu systems and of
the products of the;r photoreactlons. Po“tions of several identlcal

R quantasome!units are sketched.
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4}— " REDUCTION OF CYTOCHROME C BY TMQHp WITH

SPINACH CHLOROPLASTS
" QUANTUM ko
REQUIREMENT

" einsteins /equivalent

- 620 . 640

 MUB-6691 -
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10 - : '
ACTIVATION SPECTRA
L. SPINACH CHLOROPLASTS -
- 08
Sum of Two . ,
L - Activation Spectra Chioroplast Abso"rpﬁon
. Specfrqm,
' !
06— .
"RELATIVE
- ABSORBANCE
— Cyt ol
.0.4 Redzgticon o ,'\ .
Hil.l Reaction ~
oCcPIP.
. i o
L] ! ! ] 2 x
620 640 '}, . 680 \. m 680 700 720 . 740
f MUB-6692 -
B Fig. 2 B :
0
;1
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,

‘or usefulness of the information contained in this

report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

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

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract

“with the Commission, or his employment with such contractor.








