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‘Functional Photosynthetic Unit Sizes for Edch of ‘the Two Light Reactions = - |

in Spinach Ch]orop1ésts*

' Jeffrey Kelly and Kenneth Sauer

Department-of Chemistry and-Laborafory of Chemical Biodynamics, .

Lawrence Radiation Laboratory, University of California,

~ Berkeley, California 94720, U.S.A.
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Abstract | |

Repetitive flash-illumination of aqueous spinach chloroplast sus- -

~ pensions reveals the existence of two different sizes of functional
| - photosynthetic units associated with the two different light reactions

- of photosynthesis., Light reaction I, associated with the formation of.

,' ' strongly reducing cofactors in the intact orgénism; was studied by means .
‘ " of the ch]oroplast catalyzed photoreduction of cytochrome ¢ by reduced

tr1methy1-g;benzoqu1none (TMQHZ) The associated functional unit, per

s

equivalent of cytochrome ¢ reduced, contains about 450 chlorophyl]

SR T R

{g-+£9 molecules and is comparable to that first proposed by Emerson

A

and Arnold from similar studies of oxygen evolution by intact Chlorella

- cells (Emerson and Arnold, 1931, 1932). Light reaction II, associated

T
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with oxygen evolution in higher p]ahts and algae, was examined by fol- :
;-

y
3
i
v
‘l
i

lowing the reduction of 2,6-dichlorophenolindophenol (DCPIP) and/or

ferricyanide in the Hi1l reaction. The associated functional photo-

synthetic unit contains 60-70 chlorophylls per equivalent--about 8 times .

TP

smaller than the system I unit. These results are consistent with the

R,

presence of a pool of endogenous intermediate electron acceptors in the

Hill reaction. There is élsmall difference in the results, depending'
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“on whether ferricyanide or DCPIP is used as the Hi1l oxidant.

Relatively long 1jght1f1ashés (6-100 msec) - are employed énd Speé-'
f.-trOphotometric methods .are used to follow the photochemical reactions.

‘The effects of variation of light intensity, flash duration, repetition

"'f' frequency, chloroplast and substrate concentrations and phosphorylation .-

cofactors and uncouplers support the existence of a re]atjvely simple
kinetic scheme--a rapid 1ight activation followed by a slower first-

forder dark recovery--for each photoreact1on. The slow dark step for

the Hi1l reaction at room temperature has a rate constant of 30 sec‘]

~ in the presence of phosphory]at1on cofactors or of the uncoupler methyl-
- amine.
The resu1ts are interpreted in terms of the two 1ight reactlon

mechanism of photosynthesis and are shown to be in agreement with most

. other recent measurements of functional unit and intermediate pool sizes.:
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"Introductfon

. Emerson aﬁd Arnold studied the'photOSyhthetic erthion of_oxygen
by Chlorella in flashes of 1ight of 10-5 sec duration from a neon dis-
charge tube (Emerson and Arnold, 1931, 1932). Their results show oxygen
evolution to exhibit characteristic saturation behavior as a func}ion of
- flash intensity. At saturating intensities they found thai Ane oxygen

molecule was evolved in a single flash per 2500 éh1orophy11 molecules.

This maximum efficiency of oxygen evolution per flash was found to occur .

when the light flashes were separated by at least 0.02 sec at 25°C.

From these results they proposed the existence of a photosynthetic unit , -

~of about 2500‘chTorophy11 mo]ecu1és with a slow dark step of 0.02 sec

at room temperature,

‘The same size of photosynthetic unit (2000 chlorophylls) and the

v‘.same Timiting dark time were found for the quinone Hill reaction in
Chlorella using the same flash 1gngfh (Clendenning and Ehrmantraut, |
| - 1950). : |
Kohn (1936), Briggs (1941), Weller and Franck (1941), and T'amiya. :
: and Chiba (1949) found greater yields (sma11er photosynthetic units)

- and longer dark times than those of Emerson_ahd Arnold. These workers
- used flash Tehgths that werenlqng (20,6 msec) compared to the 10-° sec
flashes emp]oygd by Emerson andvArnold; Ehrméntraut and Rabinowitch

(1952), us{ng 10-4 sec flashes, reconfirmed the short flash results

for overall photosynthesis and the.results of Clendenning and Enrmantraut

for the quinone Hill reaction. They were the first to point out the

. importance of the f1ash'1ength:
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(1956).

4= ,
| Gilmour, Lumry, Spikes and Eyring (]954) found that long ahd "

| jshort_f1ashes give different results in the ferricyanide Hill reaction ;

of sdgar beet chloroplasts. They suggested that a reservoir of photo- §;'K'~ )

o synthetic products must be filled in order to obtain the increased

~ yield and long dark period characteristic of long flashes, and that a

- flash of 10-5 sec is too short to fill this reservoir, regard]ess‘of N
intensity. Thus, they concluded that there is a pool of photo-reducing |

. power that is operative only at high light intensity and that it is

Tocated in the Hill reaction part of photosynthesis. A‘comprehensive f
review of thelear1y~photosynthetic work performed in flashing light

- can be found in'Chépter 34 of_Rabinowi£ch's'book, Photosynthesis

(1985) . . . .
Allen and Franck/explained the effect of flash duration by postu-

: ;1ating a limiting enzyme (one_fbr eve?y 2000 chlorophylls). If this

o enzyme has a working period of approximate]y'10'4 sec then it can turn

o bver many times during a long flash. This mechanism requires the storage -

' ;of chemical energy somewhere between the first enzyme and the slow step,

~ and so is essentially the same as that proposed by Gilmour, et al. (]954)‘,

Kok (1956) studied photosynthetic oxygen evolution in Chlorella
using flashes whfch.varied from 0.2 msec to 320 msec in length. He

| found that with a suitably long dark time the yield per flash as a

function of flash time (tf)‘was linear in the region 2 to 320 msec, had

positive slope, and extrapolated to a finite value at zero flash length.

For flash durations of less than 2 msec, the yield per flash became

- progressively smai1er than the values expected,.falling to 70% of the

extrapolated value at t¢ = 0.2 msec. These resu]té conform to the
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H.',‘:trimethy]ég;benzoquinone (TMQHZ). The Hi1l reaction using 2,6-dichloro-

=5-
theories proposed above and suggest that a saturating flash of only o  ' ‘é
2 msec duration is sufficient to saturate the dark intermediates in N

photosynthesis.
Following the initial proposa] of Hi11 and Bendall (1960), much

g g R

evidence has accumulated to support a mechan1sm for higher plant photo-- |

e i,

synthesis involving two 1ight reactions connected in series by a cha1n

of electron transport intermediates (Clayton, 1965). It has been pos-. 

i S M e bl

sible to distingﬁishbetween'the arrays of pigment molecules associated

g

v‘ with each of the light reactions from studies of the action‘spectra of R SR
‘“;f partial reactions driven separately by each light step.(Hoéh and Martih,
| f A1963; Sauer and Biggins,.1965; Sauer and Park, ]965;'Ké]1y and Sauer,
) 1965). We have undertaken to determine whether repeated pulses of

high intensity light give evidence of the sizes of the'functional units‘ Lk
vi,f:_in spinach chloroplasts as;ociated With the partial reactions of oxygen ;';j' | 3

. ' : . LK
- evolution in the Hill reaction and of cytochrome ¢ reduction by reduced e %

" phenolindophenol (DCPIP) or ferricyanide as oxidant is associated pri- - 'v;' 3

| marily with pigment system II (Sauer and Park, 1965), whereas the cyto- 1 5-‘ |
"'chrome c/THOH, photoreaction in the presence of the oxygen-evolution o | o {
Vinhibitor 33,4-dichlorophenyl}1,1-dimethylurea (DCMU) is driven solely - |
by pigment system I (Vernon and Shaw, 1965; Kelly and Sauer, 1965).

© With steady illumination each of these partial reactions occurs with a ,f

ORI e ok T b e S

high quantum efficiency under light-limiting conditions in the broken

chlorop]ast'preparations hsed in this study. Thus, meaningful func- -

‘tional sizes of the pigment-array:asspciated with each 1ight reaction .~~~k




~can be obtained byvstudying fhe'respectiVe paftia] réactions'invf]ash{ng
Clight. R |
Theoretical

A simple mechanism and kinetic analysis will suffice to develop the

results. Consider a rapid Iight4reaction.fo1}owed‘by a slow dark reaction . -

.. to yield stable products,

h
(1) Q ———> Q*
' ' chloroplasts -

. 1 - -
(2)  Reactants + Q* ——> Q + Products

, ‘;‘where Q is a trapping site or a rate-limiting intermediate and Q+Q*=2Q, |

‘represents the total pool of these intermediates. The concentration of )

".the reactants is sufficiently large that reaqtion.(Z)'is pseudo-first-

"~ order.

Ina éing]e'short flash (tg << 1/k7) of saturating intensity,

virtually all of Q is converted to Q*, If we assume 100% efficiency .

~ for the formation of products after the 1jght‘energy is trapped and an ;:'

. exponential decay of the excitedlintermediate, then the amount of |
product formed in a-siﬁg1e'f1ash (P¢) will be Q,s if the dark time
following the fjash i$'sufficient1y long for all of the Q* to return
to Q.

~During a long flash of duratioh tr there will be a recycling of
'Q to'form Q* so that the total conversion during one flash will be
(3) P =0+ Klots = Q17+ Kyte) |

In a train of light flashes separated by dark intervals of duration

t4, the amount of Q avai]ablélfor.excftétion by a succeeﬁjng flash can

be found from

N
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?_.(4)  ' ‘QQ =...g%:";Ak]Q*I ; 

_dt

where the amount of Q* and Q at td after the prev1ous flash w11] be

‘»,‘ and

o (5) gr =gkt
e e =g -Q*"Q (- e'kldt) ey e |
Thus. the tota] convers1on of mater1a1 per f]ash in f]ash1ng Tight w111
"1 (7) Q0(1 e k1td) + on]tf .:,p y

Equ?t1on)(7) predicts that a p]ot of Pf vs tf W11] be linear (as observed
1956) -

by Kokj with a slope of kQ, and an 1ntercept of Qp(1- 'kltd). ~For suf-
ficiently long dark.times, as in most of the experiments reportéd here, = .

- equation (7) reduces to equation (3).’ Thus the size of a functional

unit (which we define as the number of molecules of chlorophyll a+b
per electron equivalent of intermediate Q produced with saturating

flashes) and.a value for ky can be obtainedAfrom a study of flash yie]d'

as a function of flash length. It should be pointed out that such func-

tional units measured kinetically need not correspond to actual morpnho-
logically distinct units in the chloroplast. The morphological unit
- may contain any integer multiple of functional units without altering

the kinetic behavior,

" Materials and Methods

F]ashing‘1;ght'épparatus. Hi11 oxidant (DCPIP or ferriéyanide)

or cytochrome c photoreduction were followed spectrophotometrically 1n

a Cary 14 spectrOphotoweter with Model 1462 scattered- transw1sswon
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écceSsory as émp1oyed by Sauer and Park (1965) and Kelly ahd Sauer.l‘-f:'

| (1965). Extinction coefficiénts_for the reagents were egggy p, =

19,800 Tcmole=Tem™! at pH 7.7 for DCPIP, egpg py, = 1000 1-moleTem™!
. . red-ox . _ 44 4 _r1a=1ar=] .

Jfor ferr1cyan1de. and A€549Q5 - 1.9 x 107 Tsmole™'cm fpr cyto

. Chrome c.

The experimental apparatus is similar to that described by Sauer

V'\-a and Biggins (1965), but with side illumination of the reaction cuvette,

' f:vas described below, - Light from a 1000 watt projector.bu]b'houséd in
a Luxtar Model V-1000 strip film projector,'with infrared wavelengths

" filtered out by a Corning 1-60 filter and 7 cm of water, is focused

..: on a paddle connected to the drive of a stepping motor (Model 55-100, ._:y‘.

" Cedar Engineering, Minneapolis). The duration and frequency of the

N flashes produced by the stepping‘motor are controlled by commercial

~ pulse generatofs as- described by Kuntz and Calvin (1965). Red wave-

’;g_vlengths { A'>635 mu) are isolated by méahs of a supplementary Corning .

2-58 filter. The sample cuvette has'aiuminum_foil taped to its far

'_side to increase absorption of the exciting light by the ch]orop]ast$; ,, -

. while the reference cuvette has black tape on its qdjacent side so

' that it is not exposed to the actinic light.
| Fig. 1 shows traces of the light pulses, measured using a fast;
' response photodiode (Edgerton, Germéshaugen and Grier, Cambridge,

.: Mass}, type 5D-100, response time <1.5 x 10-8 sec), whose output is
‘displayed on an oscilloscope (Tektronix 545A) and photographed. The .
light pulses have rise and fall times of gg;_Z msec. Defining the

flash time (tf) as the-pulsé width at half maximum intensity, we find

v et e bt

.t e A—t A e Mg e s " bt i Pt = s ¢ o A
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that reasonably square pulses are obtained in this fashion down to
t¢ = 6 msec, and thus a rangé of 6 to 100 msec is available for te.
The. time between f]asﬁés is adjustable between 6 msec and many seconds..
Variable 1ight intensitiés, obtained by altering the voltage of
the projector lamp, are measured on a relative scale using a silicon

. photocell (Hoffman CG-120). If we take the incident red 1ight to have

o an average wavelength of'700 mﬁ,'then the energy of the incident radia- " - .

- tion at the sample cuvette is ca. 70 mwatts-cm‘z at maximum lamp
‘vo1tage (referred to in the text as maximum intensity).

Reagents. Spinach [Spinacia oleracea L. var. Yiroflay grown in

vermiculite in the open air (Jensen and Basgham, 1966) or Spinacia

oleracea var. Early Hybrid No. 7 grown in a_grthh.chamber under the

‘  controlled conditions described previously (Sauer’énd Park, 1965)]

- was har?ested four to eight weeks after germinatidh{ Chloroplasts
were prepared asvdescrfbed'previously (Sauer and Park; 1965) except
that in the Hill reaction stddies tkicine'buffer (Good, 1962) (Ceneral
Biochemicals, Cﬁagrin Falls, Ohio) pH 7.4 or Z.Z'was uﬁed instead‘of
phosphate in the isolation and storage'of chloroplasts. TMQH, was
}; prepared as described previously (Kelly and Sauer,‘1965). DCPIP was

obtained from K and K Laboratories, Jamaica, N. Y.; horse heart cyto-

" chrome ¢ from Sigma Chemical Co., St. Louis; and 3-(3,4-dichlor0phenyl)r

1,1-dimethylurea (DCMU) from duPont, Wilmington. ‘Methylamine hydro-
~ chloride was dissolved in distilled water and titrated to pH 7.7 with

dilute KOH,

Reaction mixtures. The reactionvmixtufe for cytochrome ¢ photo- ”

reduction by TMQHp in the presence of spinach chloroplasts contained: -




“ - for the spinach‘used Suff1c1ent ch]orop]ast preparation was added .

”Jla-t"Results

ﬁ ,-10- _',;

?fﬁefiPOtass1um Phosphatea pH 6 0*’0 05 M sucrose, 0 35 M and the fol1ow1ng “  _
5 _1._'_1n umoleS/ml‘ cytochrome [ .050 TMQHZ, .055 DCMU, .020. The stock

:ﬁeand 200 fold respect1vely in the final react1on m1xture.

For the ferricyanide Hill reaction, the standard reaction nixture:fykdsii s
gatvauconsisted of the fol]owing in nmoles/m1- tricine pH 7-4 354 SUCYOSE, gff'liﬁag.s |

:?ui 350; potassium ferr1cyan1de, 0. 26 potass1um ferrocyan1de 0. 26 For 'ff;

fi;V the DCPIP HIN reaction, different amounts of DCPIP were used in place ;
’} of the ferr1cyan1de and ferrocyanide, In those-samp]es SO 1nd1cated.

?emethylam1ne was added to a flnal concentrat1on of 10.0 ymoles/ml,

Ch]ordphy11 c0ncentrat1ons. Ch?orophy]] aand b concentratlons fff“'

" “were measured in 80% acetone using the ext1nct1on.coeff1c1ents of

' "‘J"éfS'McKinney'(194l). Chlorophyll a to b ratios varied .from 2.78 to 3.25 . .« A

~in the dark at the start of each measurement to give an absorbance at .-rlj?r?

" 678 mu of 0.2-0.5 (l-cm path)

'DCPIP Mill Reaction. . . -

tE, td, and light saturation. Fig.VZA shows a typ1ca] lwght

'-<i{saturat1on curve obta1ned when the rate of DCPIP reduction in the samp]e '

s cuvette is mon1tored at 580 my as a funct1on of exciting flash 1ntens1ty.;; :;’: :

;j“,iv] *A more acidic pH is used here than vias employed by Kelly and Sauer

(]965) because the dark reox1dat1on noted prev1ous1y has been studled

more thoroygh]y and found to be dependent upon the hydroxide ion con-'ef~

~centration to the first power (Sader and Kel]y;runpublfshed results).“;f

f":solut1ons of TMQH2 in ethano] and OCMU in methanol were diluted 100 fold %*3Jif3ia"‘;




' is required. In most of the studies described below a dark time of

: 1-‘. ; 2.0 sec was uSéd. ~Fig. 4 shows the effect of the f]ash'1ength on the _ﬂ”‘

- light saturation by means of reciprocal plots (filled circles) the

BRI

fARSS e Siicdlins

From the intercept on a reciprocal plot of these data, Eig;-ZB,'the- o ‘

-~ maximum rate'(ij'which would occur at infinite intensify can be

calculated. From such p]ots. values of R can be obtained even for
small ts (where saturation is not attained with.-the maximum intensity |
used).

Fig. 3 shows the effect of the dark time on DCPIP photoreduction L

per flash. To obtain maximum'yie1d, a dark time of at least 0.2 sec

T S e T A e S R R T T sy

i e ot

- reduction per flash. When the short f]aéh results are corrected to

>yie1d per flash is observed to be linear in flash duration for the.  ijf: R

range 6 to 100 msec. - | S R
b
3]
>

~ linearly dependent upon chloroplast concentration, as was observed
" for the Hill reaction under continuous illumination. It was found,

however, that a somewhat higher DCPIP concentration than that used by

© Sauer and Park (1965) in their steady illumination studies is neces- o . %
.sary to obtain the maximum yield per flash. Fig. 5A is a saturation o E3
curve in terms of DCPIP concentration, and Fig. 5B is its reciprocal | '; %

plot. This shows that a concentration of 6 x 10-5 M of DCPIP in the

reaction mixture gives about 80% of the maximum attainable rate.

TR
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Since DCPIP absorbs in the red region of the spectrum, a high concen- '_”' - | 3
~ tration of DCPIP reduces the effective intensity available to the AR ﬁ

| chloroplasts. Also the‘pkecision of the spectrophotometric analytical = -

T TR,




Ca12-

| irtechnlque emp]oyed decreases when the DCPIP concentrat1on is much o
Af:ff_greater than 5 x 10~° M. For these reasons experiments were per-

formed at concentrat1ons between 2 and 4 x 10?5‘m‘DCPIP-and corrected ~-

to saturating concentration by means of Fig. 5B,

DCPiP:fdnetiehal dnit When the re]at1ve1y long flashes used

! ' here completely saturate the dark 1ntermed1ates of the DCPIP H1l]

| reaction, then the slope of the curve in Fig. 4 represents the rate of

. photoreduction at saturation under continuous illumination. This rate 1; ff”.i
.“";f'_is both temperature dependent (Clendenning and Ehrmantraut, 1950), as

- " it depends on the rates of dark enzymatic reactions, and dependent on e

ﬁ'; DCPIP concentration when the latter is less than saturating. The

'=”.,ffg; intercept of Fig; 4 represents the émount‘of DCPIP photoreduced by a | "‘

- pool of rate-limiting intermediates, Q,, under the conditions where .

each of these intermediates has been activated once (Eq; 3). It )

‘f,'should be noted thet’this intercept is obtained by extrapolation of

'results using relatively long flashes, and it may not be the same as

" would be observed for sub-millisecond flashes. By converting the interé“f -

o cept into molecules of DCPIP reduced (after correcting to saturation

__ for DCPIP concentration) and dividing by the total number of chloro-
phy1l molecules present'in an equal voluhe of the reaction mixture, an

. experimental value for the size ofﬁthe functional unit of the DCPIP

. Hi11 reaction can be obtained.

Table I presenfs.e'summery of calculations of the size of the
~ functional unit and of the dark reaction velocity constant in the

" presence and absence of'methy1amine. Methylamine affects the value
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~of ky but not the sizé of. the functional*unit. Addition of phosphory-
’ 3 lation cofactors (ADP 1.0; MgCl,, 7.5; and potassium phosphate (pF 7.7);_ )

L0 50 a]] in umo]es/m]) 1nstead of methy]am1ne yields a functional unit .

 ’and rate constant identical to that found in the presence of methyl- -

© . amine.

Ferr1cyan1de H111 React1on

‘Results. The effect of the concentration of ferricyanide/ferro-

cyanide (equimolar) on the rate of the Hill reaction in'f1ashing light '

, -'”',1‘(tf 100 msec, ty = 300 msec) is essentially the same as that observed
'-1;:by Sauer and Park (1965). An optimum concentrat1on is ca. 2.5 x 10‘4‘M,

with rates about 15% less at either half or twiée this concentration.

- " Because of the low molar extinction coefficient of ferricyanide, high -

| chloroplast concentrations and short times between flashes are used in

' 'order to provide large changes . in optical dehsity with time, The dependence

on dark time between flashes is similar to that observed for DCPIP, but

~ tq = 0.300 sec is routinely used in the ferricyanide studies in order

" to give greater overall rates; . The higher chloroplast concentration

- necessitated a larger correction to Tight intensity saturation than was

. needed for the DCPIP e#periments; Fig. 6 illustrates this correction

and shows that the ferficyanide Hill reaction exhibits a linear rela-

- tionship between yield per flash and te over the millisecond region, as
vas observed for DCPIP, .Table I includes a summary of functional unit

size and ky values for the.ferficyanide Hi1l reaction measured using 10
chloroplast preparations. _The addition of a catalytic amouﬁt of DCPIP
(0.006 ﬁmoles/m]) to the ferricyanide reacfion mixture cohtéining methyl-

amine resulted in a small, but probably real, decrease in the size of

e R P TS o
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Tab]e I

. AR functional Unit Dark Reaction
React1on sow oo Number of (' Chl a+b ) Ve]ocity Constant. .

C e e e e P T SO

_‘Determinations \eTectron transferrad/ (sec~') (22*23Q)
DCPIP HiT1 . | L T I o s Eae 33.3 + 6. 9
Oxidation . - MA “Tf~.7l'_'[ﬂf'fi4;hf;f]_éi.L' s4 tora 19.5 % 3.1 ":!
| | '.: *-:{f'f+ 0P, Ng** Pi ﬂf',fgljfif“;@‘ﬁi_iss_jf[';;*“f;1§ v;. 32 7
Ferricyanide KTl ff.+ MA f”;'j‘f{j;:Jo}f{;ff;ff-5577o4f'1q;'Fj C o ihé} _

5 e oD §. jﬂ. wséé""

‘.l+.

oidtion u;;_ n .& . Juj_i;'5 :f:?;f; ;f_ 73
- L cat. OCPIP 2 6210 - [ 31.8%9.2

—.“»-

Ferricyanide Hill ff"'+ MA ‘1f;“'.-“i‘~{ 2 mEn . 29.6 ISR IR

Oxidation +m+cn mmp'éF*"fj%itm j B R XS

Cyt g]TMQHéV‘ | '.:.";LIfT+IDCMU"f“A‘;aflﬁ::fxs.ﬂlt.:;-ZI;.445 +40. . ;‘:L;l]3;2'j-4: -

*The effect of cata]ytié amounts of DCPIP on a single chloroplast preparation.

. .
P T R T R R o T o o P T T s oo e =7



" -15-
- the functional unftvand‘an increase in the dark reaction ve]bcity con=
" stant to the value obtained for the DCPIP Hill reaction.

~~Cytochromé-g_Photoreducti6h7W1th'TMQHé

Saturation curves similar to that of Fig. 2B occur for cytochrome' ¢
- photoreduction, but.a substantially lower light intensity is sufficient
f’to reach saturation. This suggests that a larger pool of ch]orobhy]]

molecules is associated with each rate-limiting electron transfer site

" for this reaction. The dark reaction reaches completion in about 0.5 sec;}'

_'and intervals of 2 sec between saturating flashes give the maximum yield
per flash, A twofold variation of the‘cytochrome c or TMQHZ concentra-

" ‘tions in either direction gives the same results, indicating that the

-+ concentrations generally employed are saturating.

Fig. 7 shows the variation of cytochrome ¢ reduction per flash as

' ia function of flash length, and again the dependence is approximately

" linear in tf for the long-flash region that we examined. For this

" reaction, saturation could be obtained for the shortest lignt pulses
" used. The size of the functional unit and the dark reaction velocity

- constant are summarized-in Table I.

“"Discussion

The ch10roplast-cata1yzed photoredqétioﬁ of cytochrome ¢ 1is thought

Vflto reflect solely system I activity, on the basis both of its insensi-

tivity to DCMU poisoning (Vernon and Shaw, 1965) and of its characteristic .

action spectrum (Kelly and Sauer, 1965), With this assumption, the

flashing 1ight studies summarized in Table I indicate that the system I

functional unit‘contains 445 chlorophyll molecules. This number is quite
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"',;simi1ar~to tﬁe ratio of chlorophyll to P700; the presuhed reaction
- site of systeh I, as.estimated‘for'spinach ch]oropiastsvby Kok and |
Hoch (1961). SubSeduent measurements by Anderson; Fork and Amesz

(1966) of the chlorophyll (a + 9)/P700 ratio, also for spinach chloro-

v plasts; yte]ded a value of 440. Thelagreement of our size of the fune-s .

" “tional unit for the cytochrome ¢ reduction by spinach chloroplasts
' suggests that system I is limited in efficiency by the turn-over of

.one trappwng sxte (P700 or some sto1ch1ometr1cal1y equ1va1ent mole-

© o cule) per 440 ch]orophyl] molecules. The result a1so prov1des further -

support for the assignment of qytochrome E_reduct1on_es a system I
reaction. o ’

The DCPIP Hi]l'reaction involved pigment system II, as indicated

by its sensitivity to DCMU and its very different action spectrum (Sauer-v"

'and-Park; 1965). For this reaction we find a functional unit containing ;*7

55 % 10 chlorophy11 (a + b) molecules for 1ight flashes from 6 to 100
msec ih duration. There seem, therefore, to be about 8 system II func-

" tional units for each P700 in chloroplasts. If we assume that n1z

'-'rlpigment.system Il mediates DCPIPAphotoreduct1on, then these results

. can be exp]ained in two ways: either system Il has many excitation-
: energy trapping sites (8 for each P700 of system I), or there is only
a small number of system II trapping sites (perhaps stoichiometric'wjth'

" those of system 1) which transfer eeergy to a pool of intermedfates;

".. as suggested initially by Gilmour, et al. (1954). The flashing light

experiments of Kok (1956) indicate that for shorter saturating flashes
than we used a smaller pool of 1ntermed1ates becomes rate 11m1t1ng and

a larger system 11 funct1ona1 unit is obta1ned
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Kok and Cheniae (1966), in their recent review of the oxygen evolu-

tion step of photosynthesis, cite experiments on spinach chloroplasts by =

Forbush in their 1aboratqry; in which a brief (4 gsec),'strong flash

“’f produced only 1 equiva1ent'of DCPIP net reduction per 1000 chlorophylls..

They did observe a rapid initfal transient reduction corresponding to

1 equivalent per 500 chlorophylls; howéVer, this reversed completely in

N . 5 msec, UWhereas the net reddctidn was completely inhibited by DCMU,

the initial transient was unaffected by this inhibitor. The assignment

|  .‘ -of the transiént to reduction by photosystem I was substantiated by its

~absence in a'Scenédesmus mutant which lacks this photosystem, In a much

- slower reaction, requiring several seconds for completion, the Scenedesmus

mutant is capable of reducing 1 equfvaIent of DCPIP per 1000 ch]ordphy]]s.

Kok and Cheniae tentatively proposed chlorophy11 arrays‘ofISOO and 1000

- -chlorophylls for the primary trapping centers of phofosystems I and II, .-

respectively.

In other experimenté on the same:Scenedesmus mutant in which a long

"5:'(5 sec) illumination period was used, Kok, g};gl; (1967) observed an

additibna] slow reduction of DCPIP occurring during the following dark

“ . period. The pool size of intermediates (secondary traps) responsible

* for this latent reduction corresponds to 1 equiva]enf per 70 chloro-

phylls. This number is commensurate with and is probably more comparable .

to our results for "lqngf flashes, . Filling the poo] of 8 intermediates
" by long flashes compared with 1 for short flashes would tentatiVer

- seem to be associated with é rate-limiting step having a time constant’
between'4‘ﬁsec and 6 msec; hbwever, care must be used ih compafing

results obtained with two appreciably different organisms. It is quite




'..pbssible that the decreése in yield of Oé-per flash from Chlorella
 for f]ash;lénéthé shorter than 2 msec observed by Kok (1956) results  ,

~ from this same rate-limiting step.

We find the ferricyanide Hill reaction of spinach ch]oroplasts to 7

exhibit a functional unit of 70 t 10 chlorophyll molecules for long

" flashes. This unit is about 30% larger than that for the DCPIP Hill

- reaction, and the difference appears to be significant, Quantum yie]dA1-;ﬂ:f~

measurements throughout the red region of the spectrum by Sauer and

Park (1965) showed the efficiency of ferricyanide reduction to be 20

T to 40% lower than that for DCPIP reduction. Furthermore, Biggins and |
. Sauer (1964) found that the addition of catalytic amounts of DCPIP to -

. a ferricyanide Hill reaction mixture increased the efficiency of the

reaction by about 20%, élthqugh the wavelength dependence of the‘actibn_{f :
spectruh for thé reaction did not change. As shown in Table I, we find 'jff L

'f’ “that a‘similar addition of'cataIytic amounts of DCPIP gives nearly a

20% decrease in the functional unit for the ferricyanide Hill reaction

'vlin the presence of methylamine. These results appear to be entirely - -

";consistent with one another, 'They may be accounted for by assuming

. that ferricyanide pdrticipates in a cyclic electron flow, resulting

*+  1in no net ferricyanide reduction, in competition with the non-cyclic

:'flow. The occurrence of the éyc]ic péthway hay be responsible for

 the observation that the ferricyanide HiTl reaction is COUp]Gd.tO

' 'photdphbsphory]gtion-(Losada, et al., 1961). The addition of cata-

‘lytic amounts of:DCPIP; the oxidized form ofiwhich is known to uncoupie

)  ‘phosphory1ation (Gromet-Elhanan and Avron, 1964), may partially by-pass
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the cyclic péthway and thus enhance the efficiency of the ferricyanide '

vHi]] reaction, concommitantly reducing the apparent size of the func-
Hw{: | tional unit. The studies to date 1eave'unanswered the question of
- whether system I or system II pigments are responsible for the cyclic :

- flow.

For the non-cyclic electron flow leading to oxygen evolution, the

. best evidence at preseht suggests that both DCPiP and ferricyanide

Hi11 oxidants utilize only system'II.' Experiments designed to detect

| the presence of -an Emerson enhancement stimulated by supplementary far-

red 1jght, 1ndiéatiVe of .cooperative action between system I and

 .system.II, have démonstrated,the absence of such an effect both for :
. the DCPIP (Sauéf and Park,.1965)_and for the.ferricyanide (Avron; 1966)
; Hill reactions.. The work of Forbush on the Scenedesmus mutant, cited o
. above, further suppofts'the conclusion that system I activity is not

 required for the net reduction of DCPIP (Kok, et al., 1967).

The 'pool sizes of electron transport intermediates between system - .

I and system II have been measured recently by several kinetic methods;“;'
"-._witt,,g£ glL (1966), from studies of light-induced absorption changes
?of endogenous components of Chlorella, concluded that there exists a
’_ pool of ca. 12 equivalents per P700, capable of receiving electrons
| ffomﬁsystem IT. From the wavelength dependence of the absdrption
’. changes these intefmediates apbear to be p1asfoduinohe. An additional

. pool of electron acceptors, containing 6 equivalents per P700 and

lying closer to system I, rapidly reoxidizes half the molecules in the
first pool. - The acceptors associated with system I can again be

reduced 1f the flash is sufficiently long (> 1072 sec). The removal
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:l,of the electrons from these -intermediates by the system I photoreaction

’ 7 ,15 relatﬁve]y's1ow (> 0.12 sec).” It would appear that, if all of these
~ intermediates were to operate between ]jght_reaction II and the site of ;,1:"

. reduction of DCPIP or ferkicyanide, the functional unit observed for

the Hi1l reaction would be 18 times sma11er'than that for system I.
. Qur obsérved ratio of 8 is significantly smaller than this, suggesting‘
 that the exogenous oxidants such as-DCPIP and ferricyanide receive

.electrons from only a portion of the cbmbined-pbo]s of Witt, g;_gl;

" .

) Although this qualitative conclusion is probably correct, precise comf"f

'.iv; parisons of pool sizes reported by different experimenters may be mis=
leading. For example, the calculations based on observed Tjght-induced'fﬂif';fﬁ
~absorption changes by Witt, gg;glL'(1966)'and by Anderson, Fork and -

"17-51;;Amesz (1966) invoke assumed values for the extinction coefficients of

tional unit for cytochrome g_réduétionvto the chlorophyl1/P700 ratio.of ~  °

" Anderson, Fork and Amesz causes us to favor these workers' results;

' " " however, this introduces additional assumptions of identity which are

i_presently unproven,
: The results repokted in this paper appear to be largely consistent

.j'with those from the laboratories.of Kok, Witt and Joliot (vide infra),

Lo apart from differences attributable to the photosynthetic organisms

examined. - The scheme presented below combines the notations of Witt

and of Kok and is used to relate our studies to theirs. Light absorbed - -

'~..by photosystem II very rapidly (10“4 sec) converts Chl ary or a closely

- associated compound (Joliot's E or Duysens' Q) to an activated (reduced)'v :

f;i state (Joliot, 1961; Duysens and Sweers, 1963). This reduced primary

| ©..-P700 that differ by 20%. .The close a@keement of our value for the func{fa
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compound rapidTy transfers an e]ectpbn to a molecuTe of Qv(Kok-sfnote- .
tion and the one adopted here), and during a long flash (2 msec) this.

" process is repeated until all of the pool of Q is reduced. During this -

N interval roughly half the electrons acduifed by Q are passed on to a "-vﬂ o

) '-fe third pool of intermediates [the P (1/70 Chl) of Malkin and Kok (1966),

" the As (1/70 Ch1) of Joliot (1965),'which are pethaps‘identical to the

- electron acceptors associated with system I (plastocyanin, cytochrome £

" and P700) of Witt, et al. (1966)].*
| In our studies, where DCPIP and/or ferricyanide are present in

the reaction mixture, the remaining pool of reduced Q then proceeds

""::'to reduce these terminal acceptors. This hypothesis is supported by

= p:k1net1c analys1s of the dependence of the y1e1d per flash on the dura= e

.~ tion of the dark interval between f]ashes, as shown in F1g. 3. ‘Hhen R

ff the same data are p1otted in semx-]pgar1thm1c fash1on, as in Fig. 8,

. © they are found to result from a single first-order process. The rate_e-y*'

'constant for this dark decay process at room temperature (22 % 2°C)-

- is ca, 32 sec‘] 1n _the presence of methylamine or phosphorylation
‘{'cofactors, but 1t is about ha1f this value when these compounds are ‘i,
missing (_:th’ for the exper1ment descr1bed in Figs. 3 and 8). The |
" dependence of the rate constant on the presence of phosphory]atlon

. cofactors or an uncoupier suggests that it is measuring the rate- 11m1t1ng |

p.*Andther possible scheme (not presented here) is that there are as many

i system II traps as Q molecules and that many system II units funnel thefr'.;

electrons to the same P700. The kinetic analyses of Malkin (1966)

favored this proposal, but it is felt that experiments using'very short

flashes (Clendenning and Ehrmantraut, 19505 Gilmour, et 1 , 19543 and

‘Kok, 1956) present evidence that there are more Q than Chl agj.

I
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step at or near the 'site of coupling to non-cyclic phOSphory1qtion in

the Hi11 reaction, The observatjon of a simple first-order behavior

- points to a single pool of e]ectron'transport intermediates as the

orfgin of the terminal step in the reduction of the Hill reagents.

A scheme sufficient to account for"the cytochrome ¢ reduction by,j

| THQH2 can be constructed in much simpler fashion, In this case the

component reSpons1b1e for the rate-limiting step for saturat1ng llght

f]ashes is stoichiometric with P700 and may be 1dent1ca1 with it. .A

second reasonable cand1date for this component is .cytochrome f.
| (Boardman and Anderson 1967) Since the'cytochrome ¢ reduction

7‘3 reaction does not requ1re ferrodox1n or the NADP*—ferredox1n reductase, :‘

both of wh1ch are 1ost dur1ng the ch]oroplast isolation procedure -

~ neither of these can be rate 1imiting “for th1s react1on. In all
probab1]1ty we are measuring directly the ultimate size of photosystem I

'wh1ch 1s a particularly nice feauure of us1ng th1s reaction. It will be

1nterest1ng to learn whether this size is affected by the use of very

brief flashes. A]though cytochrome ¢ is a large molecule and might be .

,“ expected to have restricted access to the sites of photochemical

activity in the chloroplast lamellae, re]at1ve]y low concentrations

‘of cytochrome g_(0.0ZS umo]es/ml) appear to be ‘saturating. This
‘saturation may‘resu1t from a prior binding of the oxidized cytochrome ¢
‘at a site close to the system I reaction center during the 75 msec interval

‘required to reactivate the Iight reaction. The binding is not the rate-

limiting step, however,
Further information about the pools of intermediates associated

with photosystem Il has been reported by Joliot (1961). For dark adapted
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| ‘vCh]Ore11aApyrenoidosa a burst of oxyqen'corfesponding to one Ozvper

. 140 chlorophylls (1 equiva]ént per 35 chlorophylls) occursAduring the

first second of illumination by intense light. He attributes this

" burst to the accumulation during the prior dark period of a pool of'ﬁ_':;_‘ :*V»

an oxidized compound, designated'A, of equivalent size.‘ Joliot's

compound A closely resembles the Q of Kok in its properties. For

’ i very shdrt flashes (0.1 msec) of saturating Iight, on the other hand, ;
_ the oxygen produced per flash is only 1/10 of this amount. This ori- .  f, "

- _ginates from a second, smaller pool of intermediates (1 equivalent per’ .

,_l 350 chlorophylls) which he designates compound E and which may be Ch]’aIx' .f§-; E

o in the notation of Witt. For such'short flashes it is necessary to
initiate the prdcess~(in Joliot's scheme, to géneraté the active form
| of,E)'by a pfior flash which pfoduces no oxygen or by a steady‘back-
 -ground illumination of low intensity. During longer periods of illumi-
| 'natibn'the active form of E can be regeneratéd during the Iight pulse,
From studies of the yield per flash as a function of flash duration in
the range 10-% to 0;2_sec tﬁe regeneration of A appéars to be diphasic, -
with rate constantsAof about'70 and Z sec-1, respective]y (Joliot, 1965).
This fs interpreted as giving evidence of the existence of two kinetically
' ; distinguish§p1e components, A.l and Ay, in the pool A, In2ChIore1lé the

amouht of Ay, the rapid component, appears to be one-quarter of the

 :5 . total pool of A, which latter is estimated to constitute 1 equivalent

'per 25 ch]orophy11s from these experiments. Following the cessation

of illumination there is a sTow (40 sec) phase of extra oxygen uptake
(apart from that attribdtab1e to respiration) associated with the for-
_mation of a reduced product, PH, by system I and estimated fo correspond

':_to 1 equivalent per 140 chlorophylls. -
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When iso]ated chloroplasts, instead of whole Chlorella ce]ls;'were |

examined by de Kouchkovsky and Joliot (1967) evidence was again found

'_for two intermediate compounds in photosystem II. The one corresponding ’

to A was'present at a'concentration of 1 equivalent per 70 chlorophylls

~and that corresponding to E at 1 per 2800 chlorophylls, The low con-

. centration of E,’re]atfve to that in Chlorella, was attributed to

inactivation of some of the system II reaction centers during chloro-

~plast isolation. Evidence of PH, associated with photoreaction I, was

also obtained; however, its concentration was not estimated.

The fluorescence induction studies of Malkin and Kok (1966) and

 their detailed kinetic analys1s by Malkin (1966) provide another

measure of pool s1zes. The comp1ementary relationship between f]uores-

. cence and photochemistry in the utilization of absorbed light quanta
.’ permits the estimation of pool sizes of intermediates from the kinetics . -
- of the fluorescence increase updn illumination. In this manner Malkin

h'*{,%and Kok determined the presence of two intekmedfatés, designated P and

Q, associated with photosystem II in isolated ch]oropTasts. Upon

illumination with saturating 11ght the pool of Q (1 equivalent per'70

'f ch]orqphy!]s) rap1djy becomes reduced. This is fo]lowed by a thermal

"' reaction (k] = 30-40 sec‘]) in which electrons are transferred from

reduced Q to the pool of P (also 1 equivalent per 70v¢hlorophylls).

- Each of these pools is identical in size to the pool of A observed by de

" Kouchkovsky and Joliot (1967) from oxygen burst measurements on iso-

lated chloroplasts and is very close to that calculated from our

results on Hill oxidant utilization. It is reasonable to conclude tﬁat o

the same pools of photosystem Il intermediates are involved in each of

these studies.
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‘ The'rate_constant for the dark decay proceﬁs in the Hi11'reaction  .,
at room temperature as measured here is'ca. 30 séc™! in the presence . - .
- of the cofactors of phosphorylation or of the phosphorylation uncoup1er'“5_

“methylamine, This rate-limiting regeneration step is responsible for -

7 the dependence of the yield per flash on the duration of the dark

. interval between flashes, as shown in Figs. 3 and 8, No evidence is

~ seen of the biphasic character observed by Joliot (1965) for the oxygen

" burst for Chlorella, where only endogenous oxidants associated with

photosystem I1I are'inVolved. On the basis of this observation, and =

~ noting that our pool size of intermediates is about one-half that

N observed'by Joliot (compound A); we propose that DCPIP and/or ferri?

. cyanide react with only a single, small pool of photosystem II inter—ﬁ  A ”"l

'mediates‘(1 per 60 to 70 chlorophylls) in isolated chloroplasts. The

oxygen burst studies on chloroplasts by de Kouchkovsky and Joliot (1967) 1" 

- also demonstrated a small pool of intermediates (1 per 70 Ch1°”°Phy]15).~'~'v

| They did not report on the kinetics of the decay for the chloroplast
system, however. : -

It'is possible that the terminal reduction occurs thréugh the
-~ transfer of electrons through a second pool (Joliot's Ay or Kbkfs P)
. of endogenous molecules, but thé gssocfatedsteps leading to sUbstrate
reduction must all be rapid. The close similarity of the rate constant
of 30-40 sec~! at room temperature for the transfer from reducéd<Q 10
P, asvmeasured by Malkin-and Kok (1966), to our values for the DCPIP
“and ferricyanide Hill reaction rate-1imiting steps makes fhié hypothesis
appealing. This pathway appears in our kinetic scheme by way of

coupling through the pool of electron acceptors associated with
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system I, a]thﬁugh ofher fotmu1ations are'possib1e. ‘The. transfer of
~electrons to the}termina1 Hi1l acceptor, if sufficiently rapid, woﬁ]d
.prevent the pool of P from filling and, therefore, in our kinet{c ,
~analysis we would observe only the:pool 6f reduced,intermediatés
prior to the rate-]1m1t1ng step. |
Conc]us1on

Using partial reactions associated with photosystems I and II,

respectively, we have been able to estimate the cohcentration, re]ative o

" to chlorophyll, of the reaction centers of pools of intermgdiates

- closely associated with them ih broken spinach.ch]orbplasts; Rela-

- tively long flashes (6-100 msec) of.saturating'rédlifght pfoduce a
maximum yield of photoreactions corresponding to 1 equivalent per 445 |
',chlorbphy1ls for system I and 1 equivalent per 55.ch]orophylls for
"system II. From other published results it appears that the ]arger
"system Il unit results from a secondary poo] of 1ntermed1ates and

_that very short flashes (10-4 sec) would produce evidence for a pri-
mary r;te-1imiting éomponént in smaller contentration; The rate-limiting
step for the dark reaction ¢: regenerating system I activity has a .
first-order rate constant of 13 sec-! at room temperatu%e. That for

- system II, also first-order, is ca. 30 msec, but is reduced to half

"”-»ythis value in the absence of phosphorylation cofactors and the phos-

'phorylatioh uncoupler, methylamine. Both of these'rate-limiting

steps appear to result from components éndogenous‘to the broken chloro-

o plasts.

AR B R IR N T

T TN ST




-27-
| ) REFERENCES | _
_AT]en, F., and Franck, J. (1955), Arch. Biochem; Biophys. 58, 124.

Anderson, J. M., Fork, D. C., and Amesz, J. (1966), Biochem. Biophys.
" Res. Commun, 23, 874. |

~ Avron, M, (1966), Israel J. Chem. 4, 73,

' Biggins, J., and Sauer, K. (1964), Biochim. Biophys. Acta 88, 655.

: Boafdman; N. K., and Anderson, J.‘M. (1967), Biochim. Biophys. Acta
143, 187. |
'{ Briggs, G. (1941), Proc. Roy. Soc. (London)'B130, 24,

; - Clayton, R. K. (1965), Molecular Physics in Photoéynthe;is, New York, ‘f4~':-~

Ne Yoo B]aisde]],f.v:‘; RN

- Clendenning, K.,mand_Ehrmantrddt;zH;‘(IQSO); Arch.'Bidchem; Biophys.
29,387, .

de Kouchkovsky, Y., and Joliot, P;:(IQGZ),;Photochem..and Photobiol. 6,

567.

Duysehs, L. N. M., and Swéers; H. E,‘(1963);-jg;5tudies on Microalgae

and Photosynthetic Bacteria,'Jabanese Society of Plant Physiologists;”"

eds., Tokyo, Univ. of Tokyo Press, p. 353.

Ehrmantraut, H., and Rabinowitch, E.“(1952); Arch. Biochem. Biophys. -
38, 67; | o |
‘Gen, Physiol. 15, 391,

~ Emerson, R., and Arnold, W. (1931), J.
Emerson, R.. and Arnold, W. (1932), J. Gen. Physiol. 16, 191.

Gilmour, H., Lumry, R., Spikes, J., and Eyring, H. (1954), Nature 173,
3. ' |
Good, N. E. (1962), Arch. Biochem. Biophys. 96, 653.

Gromet-Elhanan, Z., and Avron, M. (1964), Biocheﬁistry_g, 365.

ey Ee R e eyt et T e e ——




| o a28-
Hil1, R., and Bendall, F. '. (1960), Nature 195, 537.
" Hoch, 6., and Martin, I. (1963), Arch. Biochem. Biophys. 102, 430.

Jensen, R. G., and Bassham;‘J. A. (1966), Proc:‘Natll'Acad:'Sci. u.S.
Joliot, P. (1961), J. Chim. Phys. 58, 570, 584.

. Joliot, P. (1965), Biochim. Biophys. Acta 102, 116
Kelly, J., and Sauer, K. (1965), Biochemistry 4, 2798.-

© Kohn, H. (1936), Nature 137, 706.

Kok, B. (1956), Biochim. Biophys. Acta 21, 245,

Kok, B., and Hoch, G. (1961), in Light and Life, W: D. McElroy and

B. Glass, eds., Johns Hopkins Press, Baltimore, p. 397.

_ Kok, B., and Cheniae, 6. M. (1966), in Current Topics in Bioenergetics, j"

“vol. 1, D. R. Sanadi, ed.,'Academfc Press, New York p. 1.
- Kok, B., Malkin, S., Owens, O., and Forbush, B (1967) Brookhaven
Symp. in B1o]ooy, No. 19, 446,

" Kuntz, I. D., Jr., and Calvin, M.'(]965),‘Photochem. and Photobiol. 4,
537, S R N
-'Losada Me s Whatley, F. R .,Sénd Arnbn, D, I. (1961), Nafuredloo 606.
Malkin, S., and Kok, B (1966) Biochim. Biophys. Acta 126, 413.

Malkin, S." (1966), Biochim. Biophys. Acta 126 433,

- McKinney, C. (1941), J. Biol. Chem. 140, 315.

. Rabinowitch, E. (1956), Photosyhthesis and Related Processes (Vol. II,
Part 2), New York, N. Y.; Interscience, Chapter 34. | | -
Sauer, K., and Biggins, J. (1965), Biochim;'Biophys. Acta. 102, 55.

Sauer, K., and Park, R. B. (1965), Biochemistry 4, 2791,




luntes o

- -29-

N

Tamiya, H., and Ch1ba, Y. (1949), Studies Tokugawa Inst. 6 part 1.

Vernon L. P..and Shaw, E R. (1965), B1ochem1stfo&, ]32.

Weller, S., and Franck, J. (1941), J. Phys. Chem. 45, 1359,

Witt, H, T., Ddring, G., Rumberg, B., Schmidt-Mende, P., Siggel,‘v.,

and Stiehl, H, H., (1966), Brookhaven Symp, in Biology, No. 19, 161,

. L
——————— e N



l -30-. Lo . ) ...'.vv‘

" FIGURE CAPTIONS

Fig. 1. Traces of the light pu]Se'shape.' The fTash‘eratibn'is

measured at half méximum ihtensity giving A) 32 mset and B) 6 msec.

Rise<and decay times are about 2 msec.

Fig. 2A, Intensity dependencé df the DCPIP Hill reaction (without - -
methylamine) by spinach ch}orop]asts in flashing 1ight. The f]ashf.‘ 

~-duration is 19 msec, f]ésh;frequenCy 2 sec, and AL_Cm of the chloro- -

ney 2 Aers
~plasts 0.240. The curve is calculated from the reciprocal plot in

Fig. 2B.

Fig. 2B. Double reciprocal plot of the data in Fig. 2A. The inter- - -
'1'cept represents thé'retiprocal.of‘thé'maximum rate (R;1)'which wou1d', ‘

" occur at infinite light intensity. .

"Fig. 3. Flash yield dependence on dakk time between flashes for the

DCPIP Hi]]lreactidn (without methylamine) by spinach chloroplasts.

: The reaction is run with t¢ = 19 msec at maximum obtainable intensity .

.1 cm

o (90% of safuration) and with the A678 = 0.270_fqr the chloroplast .]},x :

- suspension, " The curve is calculated from equation 7 using experi- -

mentally derived parameters.

" Fig. 4. Flash yield dependence on flash duration for the DCPIP Hill =~ -

. reaction (without methylamine) by spinach chloroplasts. The flashes” -

are at maximum obtainable intensity with a repetition frequency of

2.0 sec, chloroplast Al ™ = 0,270 and [DCPIP] = 3.82 x 10-5 M. The ..

678
- filled points are points corrected to Tight intensity saturation by

means of reciprocal plots such as Fig. 3.
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_ _ FIGURE CAPTIONS (Cont. )
| Fig. SA; Max1mum flash rate [R ] dependence on DCPIP concentrat1on.n
for.the DCPIP.H:]] reaction ¥ MA by spinach chloroplasts. The flash -
duration is 50 msec, flash frequency 2 sec, and A%7§m‘- 0.270 for the
chloroplasts. The different‘symbqls denote separate chloroplast

preparations; The curve is calcu1ated,from the neciprocal plot in -

- Fig. 5B,

Fig. 5B; Reciprocal plot of the data in Fig. 5A. The intercept rep-
resents the reciprocal of the rate under saturating 1ight conditions

" and where the DCPIP concentration is no longer limiting.

Fig. 6. Flash yield dependence on flash duration for. the ferricyanide

Hi1l reaction (with methy]amine) by spinach ch1or0p1astsi The flash

. frequency is 0. 4 sec, using maximum intensity and with chloroplast

' Ag7§m = 0.420. The filled circles.ané calculated from experimental

values by correcting to 1ight intensity saturation.using reciprocal

" plots such as Fig. 3.

Fig. 7. Flash yie1d dependence on flash duration for Cytochrome‘g.

photoreduction with TMQH, in the presence of spinach chloroplasts and .-

DCMU. The flash frequency is 2.0 sec with maximum intensity and with -

" chloroplast Al_€M = 0,489,

678

Fig. 8. §emi-109arithmic'p1ot of P as a function of dark time between.

- flashes. The data is the same as that for F1g. 3 and the graph 1nd1cates

that the process 1nvo1ved is f1rst-order._
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This report was prepared as an account of Government

'éponsored 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.








