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THE HILL REACTION oF CQLOROPLASTS—-ACTIOV SPECTRA AND QUANTUM REQUIREMEN”S
Kenneth Sauer and Roderic B. Park

Departments of Chemistry and Botany, and Lawrence Radiation Laboratory,

' Chloroplasts isolated from spinach carry out the photosyn- |
vthetic.Hiillreaction yielding molecular oxygen with quantum '
- 'requirements asalow as 2 quanta per eieotron-transferred‘to
; 2,6—dichiorophenolindophenol or 3 quanta‘per eleotron trans-
| ferred to ferricyanide.; Factors thch»favor an efficient
reaction with low quantum requirements are (1) low incident _
illight intensity, (2) the presence of adenosine diphosphate, mag—
| nesium ion and phosphate, (3) addition of a phosphorylation un-
| coupler, such as methylamine‘ (4) optimal initial ferricyanide : ,‘.

~h moles/liter); (5) excitation wayelengths

-concentration (~3 X lO
. between 640 and 660 myu; and (6) the use of young (4=6 week oid) -
~spinach leaves grown under winter day lerzth arid temperature
~ conditions. ' | |
| : The'qﬁantum requirenmn* as a-function of wavelength for both ;
- Hill oxidants is reasonaoly independent of wavelength from 635 to |
660 my, but shows a marked increase (lo-fold) starting at wave- |
" . lengths greater than 690 . The action spectrum of the 111
.fr reaction is characteristic of.pigment system II, including chloro-'
' phyll b and at'least part of chlorophyil a. No significant enhance-"
‘ment was observed for DCPIPl photoreduction when 650 my light was

combined with 688 my light.

g

The work described in this’ paper was sponsored in part X the U. R Atonic
Energy Commission.‘ g .

Lpvbreviations: DCPIP, 2 6-d1chlorophenolindophonol, DCMU. 3=(3, h-oichloronhtnvl)
-l ,1=dimethylurea.

University of California, Berkeley, California ' gﬁfﬁi;u{(;:/ O LA
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The.results are shown to be.in accord with a. two-pigment - |

< system mechanism of photosyntheSis in which there is no trans-m,jf
'v:"_fer of electronic excitation energy from one oigment system to o
;J'the other. Evidence is presented that chemical intermediates ;fﬂgislﬁi,fziirfxl‘

", on the pathway to oxygen evolution may have lifetimes of many

seconds. o

Chloroplasts 1solated from higher plants are capable of carrying out the 1.ijf7- ‘

. photochemical evolution of oxygcn from water using a variety of oxidizing

o agents such as ferricyanide, quinones, dyes such as 2, 6-dichlorophenolindo-

. f‘;gbhosphate (Hill 1937, 1939, Holt and’ French 1948 Arnon et al., 1957) This

e reaction, known as the Hill reaction, is of interest because it produces a

’*';:ditions. It can be coupled to the photophosphorylation of adenosine diohosphate

o phenol and, under aoprooriate circumstances nicotinamide adenine dinucleotide f{ | g

3

- substantial conversion of light energy into chemical potential .and because 1ts
':';mechanism,is believed to be related to at least part of the- energy conversion ';,ff'_ N
 pathway of photosynthesis.;. | v y

The Hill reaction has been studied under a variety of exoerimental con—ﬂ

“.to adenosine triphosphate (Arnon et al., 1958 Avron and Jagendorf 1959), and
vthe rate of the ferricyanide Hill reaction-leading ‘to oxygen evolution is known fﬁ -
. to be- enhanced in the presence of the phosphorylation cofactors and/or substancest"f i

:Rd which are potent uncouplers of phosphorylation (Arnon et’al.,.l958; Krogmann':* -

- et al.,'l959; Good, 1960) . The wavelength dependence'oi the‘Hill reaction' )
"corresponds very closely to the absorption spectrum of photosynthesis (Chen, 1952), = i

except at wavelengths lonver than 680 mu where the quantum requirement shows a f’< n
‘ pronounced increase (Biggins and Sauer, 196U) The quantum requirement for the_-_

- ferricyanide Hill reaction at 675 mp decreases sharply with decreasincr light - ‘,"_‘?i

intensity and extrabolates at- zero light intensity to a value of 2 quanta per

<
o T

electron transferred to the oxidant (Lurry et al., 1957)

APEARCZRE IF £ B S
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In this study the absolute quantu.m requirerrent for the Hill reaction has’
.been studied as a function of several interactin{r para:reters light intensn.ty s-
wavelength of excitation s the presence of nhosphorylation cofactors and of a .
phosphorylation uncoupler, and the growth conditions of the plants from wmch
: chloroplasts are obtained. The intensity dependence of the quantum requirement:
of the Hill reaction is found to be virtually removed by the addition of either
ADP, -Mg and phosphate or‘.the phosphorylation uncoupler methyl amine. Quantum
requirements extrapolated to zero light 'intensities, however, are independent of
. _'whether the phosphorylation cofactors or methyl amine‘ lar_e present, regardless of
the wavelength of the ekciting light, 'These zero—intensity quantum requirements
are very close to 2.0 quanta per electron trans‘ferred to DCPIP (3;0 quanta per

- electron for ferricyanide') from 635 to 660 mu. The quantum xequirements increase

at wavelengths longer than 690 myu to g;reater than 20 quanta per electron at 730 mu.

- The action spectrum for the Hill reaction 1s characteristic of a pigment system

| containing chlorophyll b and part of the chlorophyll a. The results are consis—
; ( tent with a two-pigment system mechanism of photosynthesis in which there is no ‘
interaction between the plgment systems at the level of. electronic excitation. ¥.
Evidence is presented that intermediates on: the pathway to. oxygen evolution may
‘have lifetimes of marw seconds.

. EXPERIMENTAL PROCEDURES.
Pregaration of Chloroplasts.-- Chloroplasts prepared from spinach obtained
- from several sources were compared. For most of the work reported here, leaves

of Spinacia. oleracea, var. Bloomsdale, were obtained from plants g;rown from seed

Ina growth chamber, Plants were grown In soil under a 10 hour photo-period with
80°F, day temperature and 55°F. night temperature. Plants were harvested between
l$ and 8 weeks following gemination. Typically, 10 gm of leaves were homogenized

for 20 seconds in 50 ml of 0.5 ﬂ:sucrose, 041 M(K)POQ, pH 7.‘4 buffer in a micro

\ -

e

e e
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Waring blendor attachment._ The resultant homogenate was strained through 8 layers
of cheesecloth and centrifuved according to Park and Pon (1961) to isolate once-
: washed chloroplasts. These chloroqlasts were susoended in3 to 5 ml of 0. 5 M sucrose,‘
0. OSM(K)POM, pH- 7 & and stored at 0°C, until used. In some cases,commercial spinach,
fully grown, was used for. the sample material.. These'instances'are‘noted‘in'thel
Atext. ‘ _ | ; o
Reagents — Stock.solutions of'ferricyanide, ferrocyanide and DCPlPJCK&K
Laboratories Jamaica, hew York) were always prepared freshly on the day of the ,i,
"experiment. The stock. DCPIP solution was prepared in 0. 05 M(K)POM buffer at |
pH 7. L5, and the concentration was confirmed by absorbance neasurenents after
. the undissolved dye had. been removed by centringation._ The extinction coeffi-
'~ clents of Armstrong (1964) were used. ADP was obtained from the Pabst Brewing.
| Co., Milwaukee, Wisconsin and DCMU from duPont de Nemours & Co., Wilndngton, :
| Delaware Methyl amine hydrochloride was dissolved in distilled water and ti— |
trated to pH 7.4 with dilute NaOH.

Reaction Mixtures.—- For. the ferricyanide Hill reaction, the standard reaction

- mixture contained~the following in wmoles/ml:. potassium phosphate, pH 7.U5, 35,
sucrose, 350, potassium ferricyanide, 0. 26, potassium ferrocyanide 0. 26 methyl
amine hydrochloride or. sodium chloride, 10. 0. For the indophenol Hi11 reaction,

- the standard reaction mixture was the same, except that 0.03 umoles/ml of" DCPIP
was used in place of the ferricyanide and ferrocyanide. Arsufficlent:.amount Of the

| chloroplast preparation was added in the dark at the start of each measurement to
glve an absorbance of chlorophyll at 678 mu of 0.3 to 0 7 (1 em- path) Each ex—
periment was performed using 2 ml of reaction mixture which was divided between . .
the sample cuvette_and the reference cuvettevin the spectrophotometer. Variations';,-
of these conditions are noted in the text. o _- 4 | :

Apparatus.— Experinents were: carried out using a Cary model 1u Spectropho— "‘laf
tometer modified- so that the absorbance of the Hill oxidant could be monitored o



»

"l mole

- tiplier, and DCPIP concentration was monitored at 580 My (e = 19,800 l-mole -~

S5 - UCRL-16104

continuously vhile the sample was being irradiated from the side with longer
wavelength light. The:basic techniques have been'described elsewhere (Sauerland

Biggins, 1965), Ferricyanide concentration was monitored at 420 mu (€M2O lOOO

l—cm l) using a broad—band interference filter in front of the onotomul—

1_
l at pH 7. u) using a Corning 496 filter.
As in the previous study, the cuvettes used had four clear 51des and a-

rectangular internal cross-section 3 mm x 10 mm. The measuring beams passed

',through the 10 nm path length and the actinic light incident at right angles on

the sample cuvette traversed a3 mm light path in the reaction mixture Light

"intensity neasurenents were made uSinv a calibrated silicon solar cell (Hoffman,
v Type 120 CG) placed at the sitc of the cuvette, and corrections for reflection
B losses were applied. The inner filter effect was taken into account in calcu-

lating quantum requirements for the DCPIP Hill reaction (Biggins and Sauer, l96u)

RESULTS

Light Intensitv, Methvl Amine and Phosohorylation Cofactors. The ferri-

cyanide Hill reaction shows a linear increase in quantum requirement with in-

crea31ng incident light inten51ty, as was. first shown by Lumry, Wayrynen .and .

Spikes (1957).. The dependence 1s very similar to that observed for NADP reduction,"

reported. nreviously (Sauer and Biggins, 1965). The presence of methyl amine, a

phosphorylation uncoupler, at concentrations of 10 -3 moles/l or of ADP, Mg

and Pi or both together serves largely to. remove the intensity" dependence. As

seen in Fig. l the presence of methyl amine (or of phosphorylation cof actors,not o

shown) has no effect -on the quantunxrequirement extraoolated to zero light inten~ L

sity. In other words, light saturation in the_Hill.reaction,occurs at much higher

intensitles when phosphorylation either oceurs rapidly or-is uncoupled.

Flg. 2 shows that a simllar effect of methyl amine occurs for the Lndophenol

Hill reaction, In the absence of the uncoupler, the intensity dependence of the

i
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| quantum requirement 1s less pronounced'than isvthe case for the ’erricyanidelHillﬂ
’ reaction. This may be a reflectlon of the fact that oxidized 1ndoohenol lUSGlL

h is a strong ohosohorylatlon uncoupler (Gromet—mlhanan and Avron, 1903, l96u |
 Snen'et al., 1963). The addition of DCMU, & substance known to inhibit electron
transport leading to oxygen evolutlon, was found to increase the quantum,requlre—
ment for ferricyanide reduction over lOOéfoldvat'678 mu‘at.a DCMU concentration

.,of 1.9 X lO > moles-llter l both in the presence and absence of metth amine.

Comparison of measurements made us1ng a number of chloroplast samples prepared .-

by identical procedures\either'from growth charmber spinacq or'from mature 501naCh

- obtained commercially showed. the latter to be much less reproducible than the’

former. Preparations from commerc1al splnach ﬂrequently exhlblted quantum
requirements three or four tlmes as great as the low values . observed unlformly

for growth chamber_splnacn. There apoeared to be no consistent correlatlons wltn '

~ season, condition;of the leaves, etc. - The ef fects of llgnt 1ntens1ty and phos- i

‘bhorylation uncouplers.were-always observed with the commercial splnach as well

" Initial Concentrations of Ferrlcyanlde and Ferrocyanlde. In V1ew of the

vobservation by Lumry and Splkes (1957) that the rate of the ferrlcyanlde Hlll
"reaction is dependent on the initlal concentration of ferricyanloe, we examlned

this reaction parameter in the presence of the phosohorylatlon uncouoler, methyl

amlne. Our observations were, in brlef that an optimum ferrlcyanlde concentratlon‘

;‘ for this system oceurs around 2 6 x 10 - moles—liter of. ferricyanide. - At‘half;
this initial concentration rates were'about 15% less, and at'2-1/2 or 5 times
{'éreater‘concentration'they were about 30%'less._ | | |

Brewer and Jagendorf (1965) have observed a preservatlve effect resulting
from the use of equimolar ferrocyanlde/ferricyanide in the ‘initial react*on le—:l
ture. we did not observe any noticeable. imorovement in quantum reouirement ' |
resulting from the addition of ferrocyanide initially, however, there dld seem

s

to be mach less scatter 1n the results when ferrocyanide was present For thlS
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" reason we included it in the reaction mixture f‘or-ell the ferricyanide Hill
reaetion studies.

The rates of the ferricyanide Hill reaction wefe generally measured during -
the fifst 60" of conversion of the available oxidant. In a test exoerinent at a
single light 1nten51ty, the rate of the reaction was found to be nearly constant
to over 90% conversion. For both the Hill ox1dants studled a2 slow back reaction
fwaS“observed in the dark following illumination. This back reaction was generally
greater aftef e'lange fractional conversion of the avallable oxidant. Experiments
© were designed so that the back reaction was always signlflcantly less-in magnitude
‘than the photorecuction, and appropriate corrections to the forward rate were made.
The extent of the back reaction varied in an incoherent fashion from one chloro-
plast preparation totandther,‘end often for’succeesive experiments with a single

preparatidn. Frequently no back reaction at all was observed.

Action Spectra.—- As'in the previous study‘(Sauer and Biggins, 1965), Quantum“'.

reguirements neasured;ovér a 10~fold range of incident monochromatic light inten—

were extrapdlated'to zZero ;ight intensity. These zero—intensity values are plotted
against wavelengtn of the exclting light in Fig. 3 for ferricyanide.and for indos
phenol aslthe Hill oxidant, using the same chloroplaét prepafations'in eech.ease,
‘Results from three aiffefent chloroplast pfeparatibns are shown; in eech case
methyl amine was present in the reaction-hixture: With DCPIP as the Hill oxidant,
a quantum requlrement of 2.0 ouanta per electron transferred to.-DCPIP was ob-
served repeatedly in the wavelength region G40 to 660 mu.' This requlrement in-
creased to 3.0 near 680 mu and then increased sharply at anelengths 1onger than v
690 my. The same general behavior was observed for the quantum requirement of
ferric&anide reduction by spinach chloroplasts;ihowever, the qnantumlrequirenents
| were uniformly 2blto 40% greater than for DCPIP'reduction. Monoehremator wave~

 length bandwidths of 7 mu were used for mostvof the resulte-reported in Mg. 3.

eity (the overall range of intensitles used was 0.04 to 3.5 naneeinsteins—cn2~secfl):



0,040 nanoe1nstein~cm 2_sec™
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In one experiment, tne effect of bandwidth was studied at 690 M. This is at .the

steepest point of the absorption soectrum, where the consequences of a broad

bandWidth would be exoected to be most pronounced The measured quantum require~

ments dlffered by onlj 10% when a lO mu banQWidth was comoared With one of 17.5 nu._::f

Wwo—Wavelcnvth Studies.- oneriments were carried out to deternine whetner

the DCPIP Hlll reaction of chloroolasts exhibits two—wavelenyth enhancement effects<

of the type describeo by Emerson etial.A(l997) Preliminary stuoies were carried

out using 650 my and‘688 my wavelensths as A, and A, respectively. The two

2
beams were_cOmbined usingia half-silvered mirror and were incident on the reaction
mixture from the same direction.» The exoeriment was’conducted by presenting first
_'one wavelenﬂth to the samole,vthen addinv the second and then remov1ng the first.
..In other experiments the order. was. reversed Ir tne three rates mcasured are -

E deSignated Rl’ Rio and R . where the suoscripts refer to the wavelengths as.

indicated above, ‘then & senSitive measure of enhancement is given by the ratio

. (R12 2)/R Our observations averaved to 1. 03 + O 08 for this ratio for a sewies'_-

. of nine exoerinents. There was no Signiflcant effect resulting fron a three—fold

arlation of the. 1ntensity of either wavelength of" light. ”he intenSities chosen _1'v

were such th st the ratio R2/R varied from O 05 to l l.‘ Our prel mlnary con—
. clusion is that, within the experimental uncertaintles there is no Emerson .'
enhancement for the reduction of DCPIP by snlnach chloroolasts. -

Verv Low Lipht Intensvties.—— In several experiments the quantum requlrenent '

'for the indoohenol Hill reaction remzined constant even when the incicdent lluht

intensity was reduced to less than 0.1 nanoeinstein-cm 2-sec_1;, Results of one

such experiment at 650 my are shown'in Fig._u.; At the-iowest intensity studied,

l, a quantum requirement of 1.94 quanta per electron

was obtained. The reaction rate was compared with dark rates 1mmediately before
and after the measurement of the rate in the 11ght. The conditions of the exoerl-

¢

" ment were such that. 31 67 of tne lncident light was absorbed in the 3 mm illumi-
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nation pathway: ‘8.0% by the chloroplasts and 23.6% by the indophenol. This

_correspends to an absorption of 0.0106 nanceinstein/sec by the chioroplasts'per

ml of the suspension. The absorbance of the chloroplast suspension alone was 0.361
at 678 mu for a 1 cm péthlength. We have previously ocbserved that when chloro— |
plasts are-extracted.with 80% acetone-20% water the absorbance of the extract at
662'mu.is-identical (+ 1%) to that.of the chloroplasts at 678vmu. Usiné the
extinction coeffieients of McKinney (1941) and assuming a chlorophyll g/chloro-
phyllvg_ratio of i60/170 (Park‘and Biggins, 1964), we calculatela chlorophyllig
concentration of 4,7-x.10’9 moles/ml and a chlorophyll‘g_concentration of |

2.05 x 10"'9 moles/ml invthe chlorOplast suspension described above. Therefore;

at the lowest incident‘intensity.studied,‘each.chlorophyll tg_or b) molecule ab-

sorbed a light quantum on the average of once every 630 sec. If one assumes that -

" the chlorophyll,molecules in a photosynthetic unit operate in concert and further, .

that there are 230 chlorophyll (2 and b) molecules in. such a unlt (Park and Biggins,

| 1964), then each photosynthetic unit absorbed: aquantum on the average every 2.7 sec.

produced, and since the measured~quantum’requirement per electron transferred was

about-2 4indicating that only half the absorbed Quanta lead to photochemical events,

- this means that about 22 sec would be required to produce an oxygen molecule at

each photosynthctic unit without measurable: loss in efficiency.. The presence of

vvery long-lived 1ntermed1ates is suggested by these calculations, unless the "phObO-

synthetic units" in turn act cooperatively, or the unit is much larger thun that '

.. above.

- DISCUSSION
“The occurrence‘of a linear dependence of theAquantum reouirenent for a photo-

chemical reaction on inc1dent light intensity is 1ndicative of a rate-limiting

dark reaction (Lumry and Rieske, 1959; Sauer and Biggins, 1965) At hiah light

¢

intensities an inCreas1ng fraction of ‘absorbed quanta are quenched and do not lead

o

Since a minimum of four electrons are required from water for each oxygen molecule'f.;

R o O
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to the normal pnotocbemical products.v The present study sumgests that this rate— b
limiting step is closely assoclated with the site at which phosphorylation is
couoled 'to the electron t”&?S;Ort cnain A simplified scbene illustratﬁnﬁ these
1nteractlons is given in Fig, 5. ChlorODHVll molecules exclted by liﬁﬂt ”lll o
normally reduce substance X to X7 by some unspec1f1ed mechan*sm. A rat lvmltlng
'reaction between X and Y is pOSculated to be couoled to the phosohorylatwon step,_
'regeneratlng ox1dlzed X ln a forn such that it can be reactlvated by tne next
llgbt act. The reduced proauct Y™ is ultlmately ox1dlzed by tne termlnal electron
acceptor, e.g. ferricyanlde. If the total pool of substance X is of llmlted 51ze .
.and the reox1datlon of X is oULflClGntly slow, then at blgh llght 1ntens1tves
- most of it w1ll occur in tne reouced form X~. 'There is llttle X present to react
vwith the- repeatedly ex01ted blgrnnt molecules.f These w111 be ouenched'by‘some‘u
d1581pat1ve process and produce an lncrease in the observed ouancum requlrement
for tne Hill reactlon. The race—llmltlng step becones more ra01d when tbe bn
| ‘tf phorylatlon cofactors ADP, Mg and phosohate are present or when the pbosohory—-v.
latlon uncoupler methyl amine 1s added - This latter substance presunaoly producesA
B a snort-01rcu1t for electrons at ‘the site of couoling to’ obosphorylatlon.-_llus
:.the rate—limiting step, wnich otnerwise leads to the strong dependence of.quantum :
Jreaulrement on41n01dent‘1nten51ty, is® bJpassed The observatlon that the 1nten51ty
dependence is substantlally less pronounced when DCPIP ratner than lGPTiCjanlde '
' is used as the chloroplast Hlll oxldant is. consistent wlth the fact tbat the ox1—
, dized dye is known to be an effectlve uncoupler of ohotoobosphorylatlon.

’ Since the phosphorylatlon of ADP is an endothermic process under phy51olog1cal
Acondltlons (AG' 9 kcal/mole) lt is necessary to drlve it w1th a Sceo~1n the )
electron transport chaln which is sufficiently exothermlc to prov1de the necessary v ‘”
free energy. Such a.step,must be thermodynamlcally lrrever51ble, 1n the sense»-.

V "that the oxidized and reduced cofactors in the electron transoort chain (X and

1n'r1g. 5) are not dlrectlj coupled to-one another. If thev were rever51o y

§
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~coupled to one another then 2 short-circuit would exist and it would be impossible
- for them to transfer ene rgy to the phosphorylation cofaccors. It is realistic to
expect that such an enerby—translerrine step in the electron trunsnort sequence
"will be slow (rate—limiting) in the absence of the phosphorylation cofactors.
The function of methyl amine ' - .o & I_,;;; may then be in'coupling the oxidized
and reduced intermediates at the site_of phosphorylation in a reversible_ or

h nearly reversible, fashion. Under tnese circumstances the energy is dlSSlOated

in the short c1rcuit caused by the methyl amine, and the endothermic phosphorylation

:.reaction cannot be coupled in. This removes the rate-limiting step, and causes

- the virtual disappearance of the intensity dependence of the quantum recuirement.

| The ouantum requirement for the Hill re action extraoolated to zero lignt

'. intensity exhibits a wavelen gth dependence characteristic of Oigment system II

(Duysens et al., 1961; Duysens and: Anesz, 1962) (A similar wavelenwth dependence

| has been reported preViously [Biggins and Sauer, 19647 but the magnitudes of the

quantum requirementsﬁobserved were much larger. This resulted from the fact that

those measurements wereﬁmade at a single ‘high light intensity at each wayelenvth.-n

The results showed that the- addition of small amounts of DCPIP to the lerricyanide
‘Hlll reaction resulted in an increase in quantum yield which is in agreement with -~

the present-study) An optimal effiCiency (minimal quantum nequirement) is oo—

served in the wavelength region from 635 to 660 mu. This efficiency decreases |

gradually at longer wavelengths and beyond 690 mu it decreases sharcly, falling

off lO—fold at 720 mu.' The aboorption spectrum of the 01gment system resoonSible

| for the Hill reaction can be obtained by multiolying the quantum yield at each '

'.wavelength by the total pigment absorption., Soms Justification of this aonroachv
-is presented in v1ew of a recent publication of action spectra of the ferricyanide

| Hill reaction by Horio and San Pietro (1964) " We believe that the aooroach of

- those aythors, in comoaring percentade activity soectra with absorotion snectra

- in order to determine,the rclative photochemical effectiveness.cf‘various aosorption



' ing unity for either the Hill reactlon or the ascorbate/DCPI?@reduction of NADP5

‘ would be expected at'longewavelengths Where system’II abSOrbs weaklv; There is

. for NADP reductlon u31ng waxer as reductant, where almost ce"ta_nly bo»h olgmcnt

',‘systems are 1nvolved .exhibits a pronounced increase in quantum reculrement at

' soectrum for NADP reduction using ascorbate/lndophenol as reductant in tne p“esence

S - > UCRL-16104 - |

at wavelencths below 080 mp where botn olvmen* systems absonb appreciably, :Tne' | |
kind of ev1dence available is sucn cnat 1¢ can aIWays_be angued that the pno§o4~- _ %
reactions afe occurring at less than half their optimal efficiency owing to,losses -
in activity'of the isolated chloroplasts. Nevertheless, until it can be demon—

.strated that the sum of an quantum ylers at anJ wavelength for a syscem I

: sen51tlzed reaction and a. system IL sensitized reactlon 1s 51gnlflcaacly ater

_ than unity, here is no indication from this source that electronlc eneruj transfer

can tafe olace in either direction between the two 01gmcnt systems. ‘The autnorsi'

'ﬂare not aware of any such evidcnce eXlSLlng at the oresent tine.

LY

It 1s an exp11c1t assumotlon of much of the: oubllshed worx on tne ﬂlll FeaCclOﬂ:

“in pbotosynthe51s that Jlight ausorocd by nlgmnnt system II alone is resoon51ble

e

'for the photo—reaction when ferrlcaynide or DCPIP are the ox1dancs. Unxor unacely,

'the measurement of action spectra alone WLll not dec1de the n01nt in the case of

nlgher plants contrary £o the conc1u51on of* Horio and San Pletro (1964).

‘both plgment systems must be actlvated, then relatlvely hlgh quantum requlrements

no correspondlnv soectral reglon in higher olants where systcn I absorbs re lacively
“weakly, hence we have no sensatlve test»of whether it is 1nvolved-n* oo dn a

mgiven process. This is exemollfled by the observatlon that the actlon spectrum

long wavelengths (Sauer and BlvOLns 1965), very s1milarly to the action socctra f e

for the Hill reaction of the prescnt study and quite unlike the svstem I actlon

oL e R L R Hr A P A TP e s Y oy ¢ .

Vi
of DCMU (Sauer and Blgg;ns, 1965). One‘consequence of the part1c1patlon of ooth | M

4

‘ . !
pigment systemslin a glven reaction is' the presence of enhancement effects, such !
. Tw )

as have been shown for overall photosynthesis (Emerson et al., 1957). In the case
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of the Hill reaction there is a decided conflict in the literature. The Emerson
enhancement has been reported by'two jraielbiel in.one case for the Hill reaction
using benzoquinone-as oxidant with intaet ChlorellaA(Govindjee'gg_gl., 1960;
Govipdjee and Rabinowitch, 1961) and in the second for the ferricyanide Hill
‘reaction with isolated chloroplasts (Bishop and Wnittingham, 1963);> On the -other
hand, two other groups_find ennancement to be absent for-the Hili reéction,under
-conditions where enhancement_could be observedafor overall photosynthetic,exygen
'evolutioh,for either‘Chloreila or plant chloreplasts using ferricyenide or bepzo;
quinone as oxidants (Mayhe and Brown, 1963; Gibbs et al., 1963). ‘Furthermore,
Fork (1963) has shown that far-red enhencement observed'fbr transient endogenous
oxygen evolution in the absence ef_ferricyanide can no longer be observed when
substrate leveis‘of fepricyanide are added to the sams photosyﬁthetie system. .
Our results mst also’be counted as negative evidence on the occurrence_ef en-
v:hancement in the reduction of DCPIP.by chloroplasts. The results are, however,
| preliminary and'ﬁeed.to be extended to a wider vapietj of conditions'and po be .
cempafeg with sitﬁations where- enhancement can.belclearly demonstrated. |
Long~lived intermediates heve been‘soﬁght in photosynthesis O NUMErous
occasions, There.is much evidenee from studies of abserption ehanges, fluofescenee
ﬁransients and aiternatiﬁg wa?elenwthvor interﬁittent illuminatioh exneriments
to support the occurence of transient spec1es with llfetlmes of many seconds.
It is much more difflcult to demonstrate that these phenomena reflect substances

which participate directly in electron transport related to photosynthesis.

In our studies the high sensitivity of our nethdd of following the chioroplast-

sensitized-photoreduction of DCPIP permits measuremehts to_befcarried out at -
light 1nten31t1es consxderably below those normally used " The obse”vetiow‘thet
the ouantum requlrement of DCPIP reductlon is constant down 'to these very low |
intensities has a dlrect bearlnw on thls nroblem. The production of one molecule

- of oxygen from water requirea the transfer of four electrons from water to the
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acceptor DCPIP, and each molecule of'DCPlP'mus receive_tno electcons to become

,

reduced. to the stable oroauct DCPIBH2,- If, as is generally assumed, the reaction
~requires at least M quanta to;transfer the four electrons, then atvmery low'light
intensities some'of the intermediates oroduced may be required to_ha&e lifetimes_
of many seconds before the next ouan tum is ubsorbed bV the pigment s&stem. The

. reaction

2DCPIP + 2H2Q -—~%-2DCPIPH2 + 02-

is endothernnc by about 4 x 0,60 volt—equlvalcnts or 55 kcal/molc._ Each einstein

of red lignt conteins only MO <cal of energy, hence, 1t is 1moos51ble energe icallvgf

_for the entlre reactlon to ‘be carrled out uS a consequence of toe absorotion of a
single ouantum. A mecnanlsm 1nvolv1ng two quanta oer O2 proouced is enerretlcally
feasible. It would requlre thc formation of at least one metastaole 1ncermed1

in the'process.' The calculatlons glven aoove show that lrom the results of our
4exoer1ment this: OOSuulated 1nternedlate would have a llfethL of at least 11 sec.
at the lowest incident 1nten31ty studled ir the aooroxlmatcly 230 chloroonyll
molecules contained w1tnln a single quantasome act as a dlscrete unwt. If a
minimum of four quanta are absorbed per O2 literated then this low P llmiﬁ is*7
increased to 22. sec and at least three dlstlnmulshable intermcolate stares are
1nvolved

Intermediates of sucn long llfetlmes ouﬁht to be oetectable dlrcctly using .

aooroorlate modern tecnnioues, even thougn tnelr steady—state concentratlons

would be oulte small. If there is a set of such potential-lntermeoiaces associatedv

‘with each quantasome or'"photosynthetic'unit", then under steady illnmination‘an
average of l/2‘to 3/4 of the total should be ln one or another‘of the activated‘v
forms at any one time. 4Indeed; the measurements of long-lived absorption changes,
fluorescence transients, etc. may very well be reflecting the pfesence of some of

these intermediates.
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Two alternative explanations of these low intensity experiments need to be’
conéidered.' In the first place, if there is efficient electronic enerpgy transfer
from the:pigment molecules of one photosynthetic unit to those of nelghboring
units, then of course the number of absorbing molecules feeding energy into a
single photochemically'active site will be greatly increased and the necessary
minimum'lifetiﬁe'of the intermediates wili be corresoondingly decreased. There
is as yet no direct evidence to support such long range electronic energy transfer.
Just the converse is indicated Dy the experiments of Emerscn and Arnold (1931;
i932), Kok (1956), and others, which suggest'that the photosynthetic units do act
discretely and without cooperetion. Such long—rangc energy transfer would be
‘made nlgnly unllxely 1f it can be conclu51vely~shovn that there is no electronlc
energy transfer between the two olgrent systems within a single ph otosyntheoec
unit, as we have suggested above. The second case that requires consideration is

~ the possibility that the photosynthetic units can'cooperate at the chemical_level.

This would occur if the intermediates produced are sufficiently mobile to migrate .

raoidly fron one’unit'to another, or if conolj.n(r factors are available which can
'transport the chemlcal potential from one olte to another. |

It is imoortant at this point to dlstlngulsh between two dlfferent types of
long—llved 1ntermed1ates which have been . 1nvoked - The first glves r;se to
the intensity saturation for short lignt flashes~followed by long dark intervals,
' observed by Emerson and Arnold and by Kok} This 1ntermed1ate, characterized as X
~in Fig. 5, becomes deactlvated in about 30 msec at room temoeratures. It.hae the
'_orooer characterlstlcs to account for the intensmty dependence of the ouantum
requirement of NADP reduction.using water as reductant (Saver and Biggins, 1965)
and for the 51m11ar effect for the ferrlcyenide Hill reactlon as observed in this
study. The second type of intermedlate may have a much longer llLGulmG (>1 oGC)
and is responsmole'for the observat;on that'the quantum requirement for DCPIP

rednction remains constant to very low light intensities, This second class of
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>iﬁtermediates is further dietiﬂguisﬁedifrom;the fifsthih-thét'their*decay-is‘-
Vba51callv a qutochemlcal process. rather than a dark reactlon. As eucce%31we
auanta are aoso“oed by the DhOLOCQCﬂlcal aooa”atcs te fi st'lntermedlate is
coeverted to a second, etc. anc eventually to. molecular ovyveﬂ. The ﬁollq

':nypothetical scheme 1lluetratea this p01nt

0 === Agoeon,) T Bloomy) T C<o o) T %

N . ~ 1

nhere A, B C. are ocrtlally ox1dlzed stable 1ntermed1ates on the- way fwom water

"-vto molecular oxygen. mhe actual 1ntermediates present 1n the Dhotosvntnetlc nwo—

 ‘cess need not 1nvolve oxyven atoms except at tne flnal step, of cou”se. Such

-felntermedlates w111 not 11mit the photochcmlcal ”ates in general 81nce SUCC@QSLVC:

ltht absorntion acts w¢ll always find them ready to. react further. :|nus

- flashlna 110nt experiments Wlll not aetect 4'helr oresence and con°eauently the

demonstratlon of non—lnteractlng onotosynthetlc unlts bJ flasnlng llght exoerl—
'tments does not contradlct ‘the p0551b111ty tqat these pnotoreactlve 1ntermed1aces :
: may mlgrace or coonerate over relatively greet dlstances in the chloroplaot |

‘ Therefore, the ev1dence at hand will not permlt us to rule on trie pOSSlbllLtV {
jthat longrlived intermcdlaxee oroduced at one Dhotosvntnetlc unlt may mmgratc to

‘<another unit wnere they become further actlvated by 1ight on the way to ormlnd“ :

-r~molecu1ar oxyven or fullJ reduced DCPIP.,. Miwration of thls tyDe would serve to

wreduce opreciably the calculated mlnimum p0951ole llfeulme of the proposee

_internedlates.. One teot of whether such4mlgration,occurs can be.made by exanuhihg, 3

the dependence of the quantum requirement at low'light*intensities'for suspensions.

of small lamellar fragments, where the avefage'eath between bhctesynthetic unité,
_is drastically increased. ‘Comparison of the calculated minimum lifetimes from -
" such experirments with diffusion timesiinzselutiCn'shduld produce;an‘enSWerttc*

the quéstion of Whetherd’f” N T A ;::zﬂ~tﬁ-{.';'9\r“J;~; S

. s S ——
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migration of active intermediates from cne phososynthetic unit. to another does

occur.:
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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.
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