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ABSTRACT

A KINETIC MODEL OF THE OXIDIZING SIDE OF CHLOROPLAST

PHOTOSYSTEM II USING TIME RESOLVED EPR SPECTROSCOPY

By

Christine Thompson Yerkes

This is a study of the reduction kinetics of an EPR

detectable free-radical arising from the photo-induced

oxidation of Z, the primary donor to the Photosystem II

(PS II) reaction center chlorophyll, P680. The rise time

of the ZI radical, corresponding to its oxidation by P680+,

cannot be resolved by conventional EPR spectrOSOOpy but

its decay kinetics become accessible upon inhibition of

the water oxidizing reaction.

We have observed a strong pH dependence in the

reduction rate of Z? by ascorbate. It is hypothesized that

the reaction rate between Zf and anionic donors is mediated

by the negative membrane potential, arising from charged

membrane bound groups, near Z. This has been tested by

altering the surface potential, and so the reaction rate,

by changing the ionic strength of the medium. Cationic

detergents, which modify the outer membrane surface charge

density by adsorption to the membrane, show no effect on
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the kinetics of Z? reduction by anionic donors. It is

concluded that the mediating potential arises from the

inner membrane surface.

The re-oxidation of the primary stable PS II acceptor,

Q, by anionic oxidants has been shown to depend on the

outer membrane surface potential. Through use of the

Guoy-Chapman diffuse double layer model, the magnitude

of both the inner and outer membrane surface potentials

have been calculated. Under dark adapted conditions

(ApH=O in bulk phases) it is estimated that a trans-

membrane surface charge asymmetry exists, giving rise

to a static electric field across the membrane. This

field is of an orientation and magnitude to stabilize the

forward charge separation reaction (P680+Q-) over the

deleterious back reaction by a factor of two.

Addition of low (mM) concentrations of Ca2+ to the

medium leads to a non-surface charge enhancement in the

Z1L decay rate. Lower concentrations (UM) of Mn2+ lead

to a similar enhancement, although mechanisms appear to

be different. These results are discussed in terms of

divalent cation stabilization or activation of a high

potential donor to PS II, possibly cytochrome b559.

Finally, the effects of ADRY reagents on 2? kinetics are

explored.
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I. INTRODUCTION

A. Models of Photosystem II — Energetics and Kinetics

Although photosynthetic oxygen evolution was first

described by Priestley over two hundred years ago, the

molecular mechanism for the process remains unexplained.

The role of oxygen evolution relative to the other

light driven reactions in photosynthesis is described

in Figure l, a schematic representation of the overall

process of higher plant photosynthesis. This model can

be divided into two photochemical systems: Photosystem I

(PS I) associated with the reduction of NADP and Photo-

system II (PS II) associated with the oxidation of

water. Light harvesting components, called antenna

pigments, transmit energy via both exciton and Forster

transfer [1] to specialized chlorophyll molecules,

called reaction centers, which undergo photooxidation.

The two forms of chlorophyll, antenna pigments and

reaction centers, exist in a ratio of roughly four hundred

to one [2]. Light energy absorbed by the light harvesting

complex of PS II is trapped at the reaction center, P680,

30 called because of its absorption maximum at 680 nm.

P680 is a specialized chlorophyll molecule. Early EPR



Figure l -- The basic elements of the Z—scheme, two light

reaction hypothesis for green plant photosynthesis.

Vertical arrows refer to changes in relative reducing

potential. Abbreviations: Z, the primary donor to PS II;

P680, the PS II reaction center; Ph, the primary acceptor

of PS II; Q, the primary stable acceptor of PS II; PQ,

plastoquinone; cyt f, cytochrome f; PCy, plastocyanin;

P700, the PS I reaction center; X, the primary acceptor

of PS I; Fd, ferredoxin; Fd-NADP, ferredoxin NADP

reductase.



-O.8-

-O.4-

EO( V)

0.0 '

+0.4 -

+0.8    
  

i“ Fd
\

Fd NADP

Red \

NADP

hut

wt

8
\P\Q

ADP cytf

TP \

Cy\ I

P7OO

l

P680

Z

2 H20 3K.

02+ 4H+

FIGURE 1



A

studies of a signal attributed to P680+ led to the

designation of P680 as a chlorophyll dimer [3] in order

to explain the narrow line width observed in give.

Recent wOrk in 23239 has shown that liganded monomeric

chlorophyll can exhibit unusually narrow linewidths [A]

and measurement of the zero field splitting parameters

of the P680 triplet in 1319 by Rutherford and

coworkers [5] shows that they are very similar to those

reported for monomeric chlorophyll, but not conclusively

so. Light induced charge separation at this reaction

center leads to the oxidation of P680, generating P680+

with a mid-point potential greater than +1.0 V, and to

the transient reduction of a pheophytin molecule [6] with

a mid-point potential of -O.6l V. The involvement of a

pheophytin molecule as the primary electron acceptor

of PS II further strengthens the analogy between higher

plant PS II and the photosynthetic bacterial reaction

center, in which bacteriopheophytin has been shown to

be an early electron acceptor [7]. The photooxidation of

pheophytin is followed by the reduction of the primary

stable electron acceptor, Q, probably a semi-quinone [8]

with a potential of about 0.0 V. A second quinone, B [9],

a two electron acceptor, connects Q with a pool of

plastoquinone molecules. The reduction of P680+ leads to

the formation of a strong oxidant 2* (E; ~ +0.8 V) which

is as yet unidentified chemically, capable of oxidizing
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water to molecular oxygen, and which interfaces the

reaction center chlorophyll with the enzymatic apparatus

actually responsible for oxidizing water.

Similarly, light energy absorbed by the antenna

pigments of PS I is trapped at a reaction center containing

another photooxidizable chlorophyll molecule, P700, with

an absorption maximum around 700 nm. Charge separation

at the PS I reaction center leads to the oxidation of

P700 to P700+ (E; >=-u.0 V) and to the reduction of a

primary electron acceptor, X (E; ~ -0.6 V). The reduced

form of Q in PS II and the oxidized form of P700 in PS I

are re-oxidized and re-reduced as a result of electron

transfer along the electron transport chain connecting

the two photosystems. The net result of the photoexcita-

tion of these two photosystems is the transfer of

electrons from water to the species X which then mediates

the reduction of NADP. This links the oxidation of

water to the formation of NADPH, a species used to fuel

the enzyme cycles associated with the assimilation of

carbon dioxide in the dark, exothermic reactions of

photosynthesis.

An important property of the photosynthetic light

reactions that is not evident from Figure l is their

vectorial nature, a factor crucial to the formation of

ATP from ADP (phosphorylation), a second high energy

product of these reactions. The photosynthetic organelle



of higher plant photosynthesis is the chloroplast. The

pigments and enzymes required for the light dependent

reactions are localized in the membranes of flattened

sacks within the chloroplast called thylakoids. The

thylakoid membrane, forming as it does a closed vesicle,

separates two chemically different environments, the

outside or matrix from the inside or loculus. The

distribution of the photosynthetic components within

the membrane lipid bi-layer is asymmetric, giving rise

to a directionality in the electron flow and proton

transport. As required by Mitchell's chemiosmotic

model [10], electron and proton carriers alternate in the

reaction sequence. The transmembrane electron transport

is carried out by the reaction center, P680, and the

primary acceptor, pheophytin. The proton carrier on the

reducing side of PS II is the plastoquinone pool, non-

membrane bound plastoquinone molecules associated with

the bound quinones, Q and B. Plastoquinone receives

electrons from B, a two electron donor, binds protons

from the outer thylakoid volume and, in its fully reduced

form, diffuses through the membrane releasing protons to

the inner thylakoid volume and donating electrons to PS I.

Proton transport on the oxidizing side of PS II results

from the release of protons to the inner volume by the

Sn complex which mediates the oxidation of water. These

asymmetric electron and proton transport reactions result

in both charge (Au) and proton (ApH) gradients across the
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photosynthetic membrane, which ultimately provide the free

energy for ATP synthesis [10,11]. Figure 2 is a represen-

tation of the thylakoid membrane which incorporates membrane

asymmetry in a schematic manner. The exact placement of

the components is an area of active research, making the

arrangement shown in Figure 2 tentative. Only the

components pertinent to the understanding of PS II have

been included. Also represented in the figure is

membrane surface charge in the vicinity of PS II; the

relevance of the surface charge asymmetry to PS II is

the subject of a later section of this work.

Of the two light harvesting, charge separating systems,

the understanding of PS II has evolved much more slowly

than that of PS I. Although knowledge of the electron

transfer pathways and the photochemical reaction remains

incomplete, the following model of the PS II reaction

sequence has been developed:

*

chl a + hv ————+ chl a (1.1)

Light absorption by antenna chlorophyll

* *

chl a + P680-—-—+ chl a + P680 (1.2)

Transfer of excitation energy from the antenna chlorophyll

to the reaction center

P680* + Ph ——> P680+ + Ph (1.3)

Charge separation at the reaction center



Figure 2 -- A representation of the thylakoid membrane

showing component asymmetry, including membrane surface

charge.
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P680+ + Ph- + Q ———+ P680+ + Ph + Q‘ (1.u)

Electron transfer to the stable primary acceptor

+ — + —

Z + P680 + Q ———+ Z- + P680 + Q (1.5)

Electron transfer from Z to P680

+ — + -

Z-+Q+B———>Z-+Q+B (1.6)

electron transfer to a secondary acceptor, B, linked to

the plastoquinone pool

Sr1 + Z- ———+ Sn+1 + Z (1.7)

"charge accumulation", n II

0

v

H

u

N

s
o L
A
)

+ O + C
l
)

2 H20 + s“ ———+ uH+ (1.8)

oxygen evolution.

These reactions, except 1.1 and 1.2, although written

as bimolecular, are essentially intramolecular. Reactions

1.1, 1.2 and 1.3 occur in picoseconds, l.“ in less than

20 nanoseconds, 1.5 in less than a microsecond and 1.6

with a half time of about 600 microseconds. A brief

description of 1.7 and 1.8 follows.

Measurements by Joliot et al. [12,13] and Kok et

a1. [1“] of oxygen evolution produced by short (duration

less than 10 microseconds) saturating flashes show that

the amount of oxygen produced by chloroplasts that have

been in darkness for 15 minutes (dark adaptation) is
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different for each flash. Little or no oxygen is produced

by the first two flashes and a maximum is observed after

the third flash. A continued series of flashes gives a

damped oscillation with a period of four when oxygen

yield is plotted against flash number. These results

have been interpreted by Kok [la] in the following

 

 

scheme

hv * hv * hv * hv *
SO ———*SO ———+Sl ——~rSl ———+82 -——r82 ———+S3 ———>83 ———+Su

t A I

+

02 + UH 2H2O

*

The steps Sn ———*Sn represent photoexcitation of the

*

system and the steps Sn ———+Sn+l are the subsequent dark

relaxation steps. Rough estimates of the rates of these

reactions have been made by Babcock et a1. [15] as

follows:

zT+S——+z+s t<1008
O 1 15~ 1‘

zI+S——+z+s t<100

zT+s—-—+z+s tzuOOs
2 3 >2 1‘

zl+s——+z+s tz 1
3 u a “S

+ _

SM + 2H20 ———>SO + MH + He + O2 t15 < 1 ms

Again, these reactions are essentially intramolecular. The
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kinetics of these charge transfer reactions are slow

compared to the 10 us flash duration, hence the ability

of a single flash to promote a single electron transfer.

Oxygen evolution occurs after the accumulation of four

oxidizing equivalents. The maximum yield of oxygen after

the third flash indicates that most of the reaction

centers are in the S state after dark adaptation. To

1

account for this observation quantitatively, Kok et a1.

postulated that both the S and S states are stable

0 l

in the dark and exist in a ratio of l to 3. The damping

of the oscillatory pattern arises from "misses", a

percentage of failures to produce charge separation at

each reaction center (roughly 10% per flash). The

possibility of "double hits", more than one reaction

center turn—over per flash, also exists and will be

explored in more detail later.

Little is known about the oxygen evolution mechanism

itself. It has been shown that membrane bound manganese

is involved [16,17] as indicated by Figure 2. It has

been hypothesized that the charge accumulation reactions

correspond to change in the oxidation state of manganese,

although this is a matter of current controversy. There

have been reports of manganese valence state changes upon

illumination [18-20], however, receht work [21] suggests

that the manganese monitored in the previous experiments

is not that involved in oxygen evolution. Indeed, it



 

13

appears as if the idea of "charge accumulation" should be

taken as no more than a formalism. This point is

emphasized by studies measuring proton release as a

function of flash number. Rather than the synchronous

release of four protons with the molecule of oxygen

on the third flash, as indicated by the Kok model

above, a stoichiometry of proton release for the

(80+Sl), (81+S2), (S2+S3) and (S3+Su) transitions of

1, 0, l and 2 has been observed [22]. Thus, the S

states most likely represent different chemical inter-

mediates in the oxidation of water to molecular oxygen

rather than different valence states of bound manganese.

An example of a scheme incorporating the proton release

pattern as well as chemical intermediates is shown

below.

0 H

S O:
S §>§ 4 [HO,]+

0 hi)

2 H o e'ktH
2 S [BIO]+

3 2
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The participation of manganese in water oxidation will

be discussed in more detail in a later section.

There remain in Figure 2 two PS II species to be

discussed, cytochrome b and AH, neither of which has

559

been shown to participate directly in the reactions

leading to oxygen evolution under normal experimental

conditions. There are two molecules of cytochrome b559

per four hundred chlorophyll molecules, one of which has

an unusually high mid—point potential (E; ~ +0.38 V)

and is associated with PS II. This midepoint potential

can be irreversibly shifted negative by as much as

0.3llby a number of techniques which also inhibit oxygen

evolution. Among these are tris-washing [23], hydroxylamine

incubation [24] and addition of chaotropic agents [25].

PS II mediated oxidation of the high potential form of

cytochrome b5 has been observed at 77 K [26] and a

59

rapid photooxidation and photoreduction have been

reported recently in samples containing tetraphenylbor-

ate [27]. The ability of a single component to undergo

both photooxidation and reduction is a strong indication

of cyclic electron flow, in this case, around PS II.

This role has been previously suggested for cytochrome

b559 [28,29] and it is in this context that the cytochrome

will be discussed in a later section.

Another component, also implicated in PS II cyclic

electron flow, has been described by a number of
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researchers [30-36] using a variety of experimental

techniques. Each has assigned it a new name so, following

the lead of a recent review article [37], it will be

referred to here as AH. It was first seen as an acceptor

for PS II, only observable at high potentials (above

+0.4 V at pH = 7). The EPR studies by Babcock and Sauer[36]

have shown that it can also serve as a donor to PS II,

again, at high potentials. Their work has been extended

and will be the subject of later sections.

B. Experimental Approaches to the Oxygen Evolving System

The kinetic data and models discussed above are

based on results from a variety of experimental techniques.

Two useful methods of studying oxygen evolution, because

they monitor the actual products of the reaction, are

measurements of oxygen and proton release as functions

of flash number. The spectroscopic techniques employed

include prompt and delayed fluorescence measurements,

which provide only indirect detection of membrane

component reactions, absorption changes and both nuclear

magnetic resonance (NMR) and electron paramagnetic

resonance (EPR).

1. Oxygen and proton evolution

The oxygen yield data have been presented as the basis

for the Kok model of the S states. One additional oxygen

evolution experiment is of particular relevance to the work

presented here. Kok and Velthuys [3U] measured the effect
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Of ferricyanide on the yield of oxygen as a function of

flash number and interpreted their results as reflecting

the presence of a second acceptor (AH) before the DCMU

block. This herbicide, 3-(3,U-dichloropheny1)-l,

l-dimethylurea, binds to a site on the thylakoid membrane

and prevents the reduction of B by Q-. This effectively

stops PS II photochemistry until Q_ is re-oxidized. With

the proper redox poise (> +0.U) AH provides one oxidizing

equivalent, in competition with the S states, and can

lead to an alteration of the 02 yield pattern.

The pattern of proton release has been controversial

[38,22] but the pattern shown above of l, 0, 1, 2 is now

fairly well accepted and has been supported by pH

dependence experiments in which both prompt and delayed

fluorescence were used [39].

2. Prompt fluorescence

Fluorescence emission with a quantum yield of about

0.03 is observed in functioning chloroplasts. Duysens

and Sweers [U0] demonstrated that the reduction and

oxidation of Q, the primary stable electron acceptor of

PS II, causes a corresponding increase and decrease,

respectively, in the fluorescence yield of the antenna

chlorophyll. Oxidized Q is associated with low chlorophyll

fluorescence, an observation which has led to the

assignment of the term "quencher" to the species Q. An

additional hypothesis, proposed by Butler et a1. [Al], on

the basis of experiments at 77 K is that not only Q but
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also P680+ quenches fluorescence. This postulate explains

the low fluorescence yield observed for the P680 Q,

P680+ Q- and P680+ Q states. Immediately after a flash,

when the system is in the P680+ Q- state, the fluorescence

yield is low. It will subsequently rise upon re-reduction

of P680+ by Z giving Z? P680 Q’, a state with no quenchers.

The kinetics of the rise in fluorescence are, therefore,

generally interpreted as reflecting the rate of reduction

of P680+. Sonneveld et a1. [U2] have used chlorophyll a

fluorescence as a monitor of nanosecond reduction of

P680+. They used ruby laser flashes of 15, 30 and

350 ns halftime as both the actinic and measuring beams

and found that the P680+ reduction time depends on the

flash number. For the first flash in dark adapted

chloroplasts, they find a 35 ns reduction time. For

the succeeding four flashes, the decay time of P680+

is longer than 35 ns but correlated to the S states.

Under steady state conditions, after damping of the period

four oscillations, they find a H00 ns reduction time.

The chief advantage of this technique is the excellent

time resolution. They are, however, problems as well.

One must essentially subtract the laser flash profile

from the detected radiation and the time range of

detection lasts only as long as the flash itself.

Additionally, one must take into account the existence

Of a third fluorescence quencher, CT, a carotenoid

triplet state that is formed by the reaction [39]:
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P680 + o’ + c-93—+ P680 + Q- + OT

A variation of this technique includes the use of

a continuous low intensity measuring beam, incapable of

sustaining photochemistry, in conjunction with a short,

intense actinic beam. This allows measurement of

fluorescence for times extending beyond the actinic

flash duration. For enhanced signal-tO-noise, the

analytical beam and signal detection can be synchronously

modulated, although this imposes a time constant on the

system leading to loss of time resolution.

3. Delayed fluorescence

Luminescence or delayed fluorescence, which has a

u to 10-5, has also been usedtypical quantum yield of 10-

to study the kinetics of P680 oxidation and reduction.

Lavorel [A3] has hypothesized that this delayed light

arises from the reaction:

_ *

P680+ + Q -——+ P680 Q ———+ P680 + Q + hv

The species P680* is the lowest excited singlet state of

P680. Dark regeneration of this state leads to the

delayed emission of light. Luminescence intensity is,

then, proportional to the concentration of P680+ Q-

Since Q‘ is re-oxidized much more slowly than P680+

is re-reduced, the decay rate Of the luminescence is

DPOportional to the reduction rate of P680+. One is

generally constrained to the microsecond domain in these
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experiments because of photomultiplier gating requirements.

This does, however, eliminate flash artifacts as well as

quenching by CT which decays in a few microseconds in

the dark [AA].

An interesting modification to the delayed light

experiment is a technique called electrophotoluminescence

(EPL) pioneered by Arnold and Azzi [A5]. This technique

takes advantage of the vectorial nature of the electron

transfer reactions. By imposing a laboratory generated

electric field after illumination, a dramatic enhancement

in the yield of delayed light is observed, presumably

because the field has forced recombination of the

photoinduced hole and electron. This technique has been

used to show that delayed light and EPL are both PS II

phenomena, by demonstrating a period of four flash

number dependence on the yield [A6].

4. Absorption changes

Time resolved Optical spectroscopy has been used

extensively in photosynthetic research although until

recently, no absorption changes attributable to the

reaction center of PS II could be observed under

physiological conditions. At low temperatures or in the

presence of detergents the reduction of photooxidized

P680 and re-oxidation of Q- can be slowed. Floyd et

a1. [A7] observed a bleaching at 680 nm upon illumination

With short laser pulses at 77 K. This absorption change

deGal’s with a halftime of A-5 ms after the flash.
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Von Gorkom et a1. [A8] observed the photooxidation of

P680 in chloroplasts treated with the detergent

deoxycholate and, in the presence of ferricyanide, have

found that the reduction of P680+ is slowed to such an

extent that an appreciable amount of P680+ can actually

be accumulated under conditions of continuous illumination.

Recent work done by Van Best and Mathis [A9] allows the

study of the reduction kinetics of P680+ at physiological

temperatures. Their development of a flash absorption

photometer with nanosecond time resolution has made this

possible. The reaction is monitored not at 680 nm, the

absorption maximizing of P680, but at 820 nm, where P680+

absorbs. Following a single flash on dark adapted

chloroplasts they have found a fast (30 ns) decay time

for P680+, reflecting its reduction by the secondary

electron donor, Z. Of all of the Optical techniques

outlined, this is the only one that directly measures a

reaction rate on the oxidizing side of PS 11. It is the

intent of the work presented here to investigate

additional means of collecting data directly from the

electron transport system between P680 and the water

oxidizing complex.

5. Magnetic resonance

a. Manganese measurements

As discussed in the Model section, photoinduced

valence changes in bound manganese have been suggested as

a»POssible mechanism for charge accumulation leading to
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water oxidation. Wydryzynski and Sauer [20] have used

room temperature EPR to look for such oscillations in

manganese valence state. Because the membrane bound

manganese is EPR undetectable under their experimental

conditions, they have monitored the pattern of manganese

released from thylakoid membranes following a rapid

temperature shock. They found that the hexaquo Mn2+

signal amplitude varied with the number of flashes

given the chloroplasts prior to the heat treatment. They

interpreted the pattern as indicating that manganese is

oxidized by the first two flashes but undergoes a partial

reduction on the third. Wydryzynski et a1. [18] have

used NMR to look for similar oscillations. They have

measured the spin lattice relaxation times (T-l) of water

protons under a series of experimental conditions and

have interpreted the results as arising from photoinduced

oxidation state changes of membrane bound manganese. Both

the NMR and EPR results have been challenged by Robinson

et al. [21,50] who postulate that the changes detected

arise from extraneous manganese (i.e., not integral to

oxygen evolution) which has been oxidized not by the Sn

complex, but by superoxide ion which they have shown to

be generated, under aerobic conditions, by acceptors of

PS I. Thus, the possibility of photo-induced valence state

changes of functional manganese at room temperature remains

unresolved.
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At cryogenic temperatures, Dismukes and Siderer [51]

have reported an EPR signal that they assign to a pair of

antiferromagnetically coupled manganese ions in which Mn3+‘

and Mnu+ are present. They also report changes in the

signal intensity with flash number, again of period

four, suggesting a cyclic change in manganese valence

state.

b. Kinetics

The observation and characterization of a photo-induced

EPR detectable species by Babcock and Sauer [52] and

Blankenship et a1. [53] provides an excellent tool in

studying the complex kinetics of reactions which occur on

the oxidizing side of PS II. The EPR active species

functions as an intermediate in the electron transport

process between P680 and the S states. The signal, called

Signal II because of its association with PS II, is

observed under a variety of conditions, each exhibiting

different kinetic properties. The remainder of the work

presented here involves the study and manipulation of

Signal II kinetics and the use of these data to make

topological and energetic assignments to components-

associated with the oxidizing side of PS II.



II. MEMBRANE SURFACE CHARGE EFFECTS IN

PHOTOSYSTEM II - OXIDATION OF

CHARGED ELECTRON DONORS

A. Introduction

At room temperature, two EPR detectable species are

generated by illumination of oxygen evolving thylakoid

membrane suspensions. The first, Signal I, has rapid rise

and decay kinetics and has been established as arising from

P700+, the oxidized reaction center of PS I [5A,55]. Reports

have been made of a transient EPR signal corresponding to

P680+ [56,57]. These measurements were necessarily made

at low temperatures to bring the P680 reaction rates into

the EPR time domain (310 us) and under conditions in which

the oxidized PS I reaction center, 2700*, is chemically

induced and maintained. This allows discrimination between

the two, superimposed reaction center signals.

The second room temperature signal, Signal II, is

less well characterized. It has line width of about 20G

(the difference, in Gauss, between the positive and

negative extrema in the derivative spectrum) with partially

resolved hyperfine structure. Kohl and coworkers [58-60]

have presented evidence, from model compound studies, that

23
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the molecular Species giving rise to Signal II may be

plastoquinone or a related molecule. Signal II has a

fairly slow, light induced rise time (tk'vl s) and

subsequent dark decay time (t82~A h). These slow

kinetics have led to its designation as Signal IIs [36].

Babcock and Sauer [61] have demonstrated that Signal IIs

arises from the oxidation of its precursor by the S
2

or S states. The slow reaction times of IIS take it

3

out of the direct electron transport pathway, leaving

its physiological function unresolved.

A much faster component of Signal II has been

observed in oxygen evolving chloroplasts by Babcock

et a1. [15]. It appears to have the same line shape as

Signal IIS but very fast kinetics, which has led to

designation as Signal IIvf. Its position on the

oxidizing side of PS 11 is shown below:

2H O

P680.—Z.__Sn C 2

02 + AH

After photooxidation of P680, an intermediate, Z, donates

an electron to reduce P680+ and becomes EPR detectable

as the z? free-radical (Signal IIvf). Thus, the rise

time of the EPR signal should correspond to reduction

time of P680+ by Z. The decay of the EPR signal corresponds

to the reduction of Zf, in this case, by the Sn complex.

Z has been proposed as the primary donor to P680, although
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its measured rise time of 20 us :10 us [62] is far too slow

to correspond to the measured reduction times of P680+

as discussed in Section I. It has a decay half-time of

about 700 us under steady state conditions. In dark

adapted samples, the decay time varies as a function of

flash number, as expected if it were reduced by the

Sn complex. The decay times were noted in Section I.

Inhibition of oxygen evolution by incubation in

alkaline Tris-buffer (Tris-washing) activates a component

of Signal II not observed in oxygen evolving chloroplasts,

Signal IIf, which exists in a 1:1 ratio with the slower

decaying Signal 11s [52]. Figure 3 shows spectra of Tris-

washed chloroplasts during [a] and after [b] illumination.

Upon darkening, Signal I [I] decays rapidly while the

behavior of the Signal II species is noted in the figure.

The light induced signal again arises from a component

on the water side of PS II. The reaction sequence in

inhibited chloroplasts is shown below.

 

P680—Z: ‘: S

\\\\ n

endogenous or exogenous donors

The physiological pathway between Z and Sn can be blocked

by a number of inhibitory treatments, among them, tris-

washing, heating, aging, incubation in hydroxylamine or

addition of chaotropic agents. Under these conditions the

ultimate reducing agent for P680+ is not water, but
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Figure 3 -- EPR spectra of Tris—washed chloroplasts

during (a) and after (b) illumination. Field set

3365 G, scan range = 100 G, modulation amplitude

5 G, power = 20 mW.
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endogenous or exogenous electron donors. Under these

conditions, the rise time of IIf is instrument limited

at 100 us [53] and the reduction half time of the z?

radical in slower than IIvf and typically in the 500 ms

range in the absence of exogenous donors.

The decay of Signal IIf follows pseudo-first order

kinetics in the presence of several commonly used electron

donors, including hydroquinone, phenylenediamine and

diphenylcarbazide and indicates that Z? is the site of

their interaction with the oxidizing side of PS II. The

kinetic simplicity of this system makes it especially

useful because quantitative models of the system can be

developed and tested. Additionally, one must consider

the intrinsic importance of the reaction. Aside from

the recent observation of absorbance changes associated

with the photooxidation of P680 [A9], the rise and

decay of Signal IIf and of its physiological counterpart,

Signal IIvf, are the only directly observable reactions

occurring in the oxidizing side of PS II.

A detailed study of the kinetics and of those factors

which influence the electron transfer rates through the

Z speciesijsused here to provide insight into membrane

phenomena associated with the water splitting process.

Ascorbic acid has been used in this study not only as a

reducing agent for Z? but also as a probe to reactions

occurring on the water side of PS II. Ascorbic acid



!
/
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has two characteristics which make this possible. First,

like the donors listed above, it effectively alters the

rate of ZI reduction at relatively low concentrations.

However, unlike those donors which are neutral at physio-

logical pH values and, therefore, of little use in

studying ionic or membrane surface charge effects, ascorbic

acid exists largely as the ascorbate mono-anion in the pH

range from A.5-9.5, thus providing the system with a

negatively charged donor. It will be shown that other

negatively charged donors, among them I-, Fe(CN)2_ and

W(CN)g-, are effective at only extremely high concentrations.

From the results presented here, a kinetic model will

be postulated in which both neutral ascorbic acid (H2Asc)

and its mono-anion (HAsc-) serve as donors to 2*. Through

this model,it has been possible to situate Z near the

inner surface of the thylakoid membrane. Furthermore,

the results suggest the existence of a net negative

surface charge on the inner surface of the membrane in

the vicinity of Z.

B. Materials and Methods

1. Kinetic EPR Instrumentation

These experiments were performed with a Varian model

E-A spectrometer with a TM mode cavity (Varian E-238)
110

and a Scanlon EPR flat cell (S-8lA); microwave power of

20 mw and modulation amplitude of 5G were used. Because

of the relatively low concentration of the paramagnetic
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species obtainable in the chloroplast suspensions (10-

20 uM) the time course for the transient rise and decay

of Signal IIf were enhanced through Signal averaging.

Data were collected and Stored with a Nicolet model 107A

signal averager with a model SD 7212A analog to digital

converter and a model SW-71A time base in the 107A main

frame. The number of scans accumulated is noted in the

figure legends. A TTL logic based timing circuit was

designed and built by the Michigan State University

Chemistry Department Electronics Shop which allows the

triggering of up to six different instruments at intervals

continuously variable from 1 us to 100 s. This was used

to trigger the averager sweep followed, after collecting

a suitable dark baseline, by a laser pulse.

The laser head, containing the main discharge

capacitor, flash lamp, pump and dye cell, is a model

DL-llOO from Phase-R Corporation. New Durham, New

Hampshire. It is rated at 250 mJ output light energy

with rhodamine 6—G (Xmax = 590 nm) with a pulse duration

of A50 nm. The 25 KV power supply was built by the M.S.U.

Electronics Shop. The triggering system, based on

schematics supplied by Phase-R, was further developed

in our laboratory.

The first experiments in which the laser light

source was used revealed a large electrical transient

generated by the triggering of the laser which obscured

the EPR signal. The following shielding scheme evolved
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to separate the laser and EPR systems. The laser is in a

Faraday cage with r.f. shielding (Instrument Specialties

Co., Inc., Little Falls, NJ) at all of the joints. The

two systems, laser and EPR, are grounded separately and

are interfaced via opto-isolators whose circuit diagrams

are Shown in Figure A. These measures have eliminated

the electrical transient. The dye used is a solution of

cresyl-violet perchlorate and rhodamine 6-G in methanol.

This solution emits at 660 nm, a wavelength close to the

absorption maximum of P680 (680 nm). The absolute and

relative cresyl-violet (AXlO'5 M) to rhodamine

(2.7><10'5 M) concentrations in the lasing solution were

determined experimentally to give optimum light intensity

at moderate (16 KV) voltages. The light intensity was

monitored as described by Van Best [63]. It consists

of a glass plate mounted between two white surfaces with

openings to allow passage of most of the beam. Part of

the light is reflected by the glass surface and is then

detected and integrated by four photodiodes (Hewlett—

Packard) connected in parallel with an 820 pf capacitor.

The voltage is read from an oscilloscope (B & K Precision,

model lAll B). This circuit is mounted on a filter holder

accomodating neutral density filters which were used to

construct a light saturation curve for Signal IIf formation

and to show that the illumination was of saturating

intensity. A block diagram showing the main components

of the kinetic EPR instrumentation is shown in Figure 5.
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Figure A -— Circuit diagram for diode opto-isolator.
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Figure 5 -- Block diagram of kinetic EPR instrumentation.
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Modifications to the lock-in amplifier (Princeton Applied

Research, Model 126) were made, bringing the fastest

time constant from about 800 us to 50 us. Measurements

of the zI kinetics are made by setting the EPR magnetic

field at the Signal II maximum, as indicated by the

arrows in Figure 3. The change in magnetic susceptibility

(dx") is measured as a function of magnetic field (dH) via

the 5G modulation of the magnetic field about this central

field setting. With a 5G modulation amplitude, there is

no overlap with the photo-induced Signal I. This has

been verified by adding 100 uM DCMU to the suspension

mixture. This reagent blocks the re-oxidation of Q',

thus effectively bringing PS II photoactivity to a halt.

Under these conditions, no photoinduced signal is

observed at the field position at which Signal IIf ampli-

tude is maximal.

2. Spinach and Chloroplast Suspensions

Market spinach was used in these experiments. Leaves

were kept dark and cold (A°C) prior to use, then washed

in distilled water and deveined under low light conditions.

They were broken in a Waring blender (model 700) for 10 s

in a standard reaction solution. The solution is 0.A M

sucrose, 10 mM NaCl and 50 mM buffer. MES buffer

(pKa 6.1) was used in the pH range from 5.5-6.5, HEPES

(pKa 7.5) for 7.0—7.5 and TRICINE (pKa = 8.1) for 8.0-8.5.

In oxygen evolution experiments these buffers were

overlapped at the limits of their pH ranges and no
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deleterious buffer effects were observed. The homogenate

was then strained through 10 layers of cheesecloth and

centrifuged for A min (5000 r.p.m., SS-3A Sorvall rotor)

at about A°C. The pellets were resuspended in 0.8 M Tris

buffer (pH = 8.0) and incubated under room light, at A°C,

for 20 min. This constitutes Tris washing [6A]. The Tris

washed samples were re—centrifuged, re-suspended in the

proper pH buffering solution (washing), spun down and

re—suspended in a minimal volume of the reaction mixture.

Chlorophyll concentrations ranged between 3 and 5 mg

chlorophyll per m1 suspension as determined by the

method of Sun and Sauer [65]. 10-“ M EDTA was added to

2+

all samples to suppress the hexaquo Mn EPR signal

present in Tris-washed chloroplasts [17]. 20 ug/ml

spinach ferredoxin and 5><10-u M NADP, obtained from

Sigma, were added to the final chloroplast suspensions

as an electron acceptor system. The KuW(CN)8 was prepared

as described previously [52]; all other reagents were

purchased from standard commercial sources and used as

received except for the DCMU which was recrystallized

from methanol.

3. Experimental Protocol

The chloroplast suspensions were kept dark and at

0°C. These suspensions contained the thylakoid membranes

(3-5 mg chlorOphyll ml-l suspension), the reaction mixture

described above, 10-“ M EDTA, and an electron acceptor

II

system (5><10- M NADP and 20 ug ml-l ferredoxin). Prior
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to each experiment, an aliquot of this suspension (.A5 ml)

was mixed with a known concentration of exogenous donors

and enough distilled water to bring the final volume to

.5 ml. This mixing and the filling of the EPR flat cell

was carried out under low light conditions. The EPR

sample cell was then centered in the cavity and the

detector diode allowed to stabilize. In most cases, 6 s

were left between laser flashes for the chloroplasts to

relax to the dark equilibrium state. The number of scans

averaged was chosen according to the instrument time

constant which was, in turn, determined by the rate of

decay of the radical. These parameters are noted in the

figure legends.

C. Results

Figure 6 is a collection of experimental traces of

Signal IIf decay from Tris-washed chloroplasts under

different experimental conditions. Figure 6a is the

decay transient observed from chloroplasts (pH = 7.5)

in the absence of exogenous electron donors. Under these

conditions, the decay kinetics are biphasic. Our results,

reported elsewhere [66], suggest that the decay halftimes

for the two phases exhibit different pH dependencies and

that the relative magnitudes of the two signals also vary

as a function of pH. These results have since been

confirmed by other workers [67] and have been ascribed

to a protonation equilibrium of the oxidized species
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Figure 6 -- The effect of exogenous donors on EPR Signal IIf

decay kinetics. All experiments were performed on Tris-

washed chloroplasts to which 5><10-)4 M NADP, 10-” M

EDTA and 20 ug ferredoxin/ml suspension had been added.

The field setting is 3353 G, the modulation amplitude is

5 G and the power is 20 mW. The scans were run at 6 s

intervals. (a) pH = 7.5, time constant = 10 ms,

6A scans averaged. (b) 2><10"3 M ascorbate, time

3 ms, 120 scans averaged. (c) 2><10-3 Mconstant

ascorbate, time constant = 3 ms, 120 scans averaged.

(d) 10'5 M Hydroquinone and 2><10-3 M ascorbate,

time constant = 3 ms, 200 scans averaged.
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giving rise to Signal IIf.

Upon addition of exogenous electron donors, ascorbic

acid in Figure 6b and c and hydroquinone in Figure 6d,

Signal IIf exhibits exponential decay kinetics. Figure 7

illustrates the variety of donors that have been studied.

Hydroquinone and other neutral, lipophilic donors

(benzidene, phenylenediamine) increase the decay rate of

ignal IIf at low (uM) concentrations [68]. However,

their electroneutrality diminishes their usefulness in

studying ionic effects. We have investigated the

effectiveness of several anionic donors, including iodide

(Figure 7), ferrocyanide (Table I) and cyanotungstate

(Table I) and have found that these species are effective

only at donor concentrations in the 10-100 mM range.

Ascorbic acid, with pKa = A.10, exists largely as the

ascorbate mono-anion in the pH range studied (5.5-8.5)

and thus may provide a charged donor to the system.

Moreover, the ascorbic acid system is an effective donor

to Z? at low concentrations (Figure 7). These two

characteristics combine to make ascorbic acid an ideal

probe. Although it has been used as a donor to PS 11

[69,70], the kinetics of these reactions have not been

examined in detail. In particular, it has not been

established whether both the mono—anion and the fully

protonated neutral acid are effective as donors. As the

ascorbic acid data in Figure 7 demonstrate, there is a

pseudo-first order reaction between Z? and ascorbate acid
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Table 1 -- Rate Constants for the Reduction of Z? by

*

Exogenous Electron Donors.

 

  

Donor k(M_"l s-l)

Benzidine 1.3><106

Phenylenediamine A.6><105

Hydroquinone 2.5 x 10‘5

H2ASC :I..A><:LOL|

Diphenylcarbazide 8.0><103

HAsc- (infinite salt) 3.6><103

I‘ 2.A x lo1

Fe(CN)6u- 2.A x lo1

W(CN)8u- 1.8 x lo1

 

if

Samples prepared and experimental protocol as described

in Materials and Methods.
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and this reaction is pH dependent. Figure 8, a plot of

the pseudo-first order rate constants (kO S) versus pH,
b

verifies this pH dependence over the entire experimental

pH range. We have examined a number of models to explain

this pH dependence and have calculated theoretical rate

constants corresponding to each of these models. The

calculated rate constants, k can be compared to
calc’

the observed rates, k obtained from data such as
obs’

those shown in Figure 7. The correlation of these

values is a good indication of the accuracy of the model.

The most simple scheme to explain the pseudo-first

order kinetics as well as the pH dependence of the

reaction postulates electron donation by the neutral

species only and is summarized by the following reactions:

Zt + H2Asc -JL+ Z + H2Asct (2.1)

where the decay of Signal IIf is given by

d[Zt
 3 = k[Zt][H2Asc] (2-2)

and the pH dependence is explained by the equilibrium

reaction:

K

H+ + HAsc‘ =3 H2Asc (2.3)

The correlation between the second order rate constant

calculated for this reaction mechanism and the observed

rate is shown in curve a of Figure 9. The fit to the

experimental data based on this model is clearly
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unsatisfactory. We have also found that a model which

postulates only the ascorbate mono-anion as a reductant

is unable to explain the observed pH dependence.

In a third model, both the neutral acid and its

mono-anion are postulated as reducing agents as

follows:

+ k1 +

Z- + H2Asc -———+ Z + H2Asc- (2.A)

+ - k2
Z- + HAsc ————+ Z + HAsc (2.5)

Ke

H+ + HASC- =3 H Asc (2.6)
2

The decay Signal IIf is now given by

+

+ k [H ]
— o + _

1%?3— = [Z-JEHAsc l (37—— + k2) (2.7)
e

In this model, the observed second—order rate constant

is associated with the quantity [(kl[H+J/Ke) + k2]. Using

the data of Figure 7, we calculate kl to be 1.A><10u M-1

s-1 and k2 to be 6.6><102 M"1 s.1 and with these values

we find that the ratio k /k is close to unity for
obs calc

all pH values between 5.5 and 8.5, (Figure 9b). Thus

the model summarized in Eqns. (2.A)-(2.6) provides a

reasonable, first order explanation for the experimental

data. The non-zero slope in Figure 9b indicates, however,

a residual pH dependence in the experimental rate constant

not explained by this model.

Two additional postulates to the basic model of

Eqns. (2.A)-(2.6) have been tested to resolve this pH
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dependence (Figures 9b and c). In the first, a variable

pH gradient across the thylakoid membrane is postulated

to account for the non-zero slope. In the second, k2,

the rate constant associated with the reduction of Z?

by the ascorbate mono-anion is assumed to be pH dependent

and to decrease as the pH increases from 5.5 to 8.5.

The first model assumes that the Z species is located

near the inner surface of the thylakoid membrane. This

situation of Z has been postulated [68] and implies that

the relevant [n+1 in Eqns. (2.6) and (2.7) is that inside

the thylakoid membrane ([H+]in), not that of the suspending

medium ([H+] ). By assuming a ApH across the membrane
t

+ 3”
(EH lin a [H l

0.6 pH units at pH

out) and by allowing it to vary from about

out = 5.5 to about 1.7 pH units at

pH = 8.5, the observed and calculated rates are brought

out

into excellent agreement (Figure 9c). The existence of

a pH gradient across the membrane under these experimental

conditions is not unreasonable. Yamashita and Butler [6A]

have shown that upon addition of electron donors, Tris-

washed chloroplasts continue to phosphorylate, an

indication that a pH gradient develops even after inhibition

of oxygen evolution. To test this model, experiments

have been carried out in which the uncoupler, gramicidin,

which should collapse any pH gradient, independent of the

suspension pH [71] was used. The model predicts that the

decay rate at high pH values should be most susceptible

to uncoupler action as the ApH is largest at those pH
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values, and that the rate should decrease as the ApH

approaches zero. We observed, however, that gramicidin

addition produces only a slight increase in the rate

at pH = 8.0. We conclude, therefore, that in Tris-washed

chloroplasts under the intermittent flash conditions of

our experiments (one flash every 6 s) there is no

appreciable buildup of a membrane pH gradient.

The physical basis for the alternative postulate

(Figure 9d) is suggested by the 20-fold difference in

magnitude between k the rate constant associated with1’

neutral ascorbic acid, and k2 associated with the mono-

anion in Eqn. (2.7). This difference indicates that zI

may be more accessible to the neutral form of the reducing

agent than to its anion. An explanation for this behavior

may be the existence of a negative charge on the surface

of the thylakoid membrane. Nakatani and coworkers [72]

have conducted electrophoretic experiments which demonstrate

the presence of a net negative charge on the exterior of

the thylakoid at physiological pH values. They attribute

this charge to protein carboxyl groups which are found to

have an effective pKa of about A.3. If the inner membrane

surface were to carry a similar charge in the vicinity

of Z, this could explain the efficiency of neutral ascorbic

acid relative to the mono-anion in reducing 2?. According

to Gouy-Chapman diffuse double layer model, the concentration

of a neutral species in the vicinity of a charged surface



A9

Figure 8 -- pH dependence of the Signal IIf pseudo—first

order decay constant in Tris-washed chloroplasts with 2 mM

ascorbic acid as the exogenous donor. The experimental

conditions are described in Figure 7.
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Figure 9 -- Correlation between observed (kobs) and

calculated (kC 0) second order rate constants for

al

models of Z? reduction by ascorbic acid. (a) neutral

ascorbic acid, H2Asc, as the reducing agent; (b) H2Asc

and the mono-anion, HASC-, as the reducing agents; (c)

same as (b) but a pH dependent ApH across the thylakoid

membrane, ApH = 0.7 at pH = 5.5, ApH = 2.0 at pH = 8.5.

(d) same as (b) but k associated with the reduction of
2’

Z? by HAsc- as a function of pH, ranging from

2.2xlO3 II"l s'1 at pH = 5.5 to 8x102 W1 s“1 at

pH = 8.5.
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should be unaffected by the surface potential whereas the

local concentration of ionic species such as the ascorbate

mono-anion will be determined by the magnitude and sign

of the surface charge density and its associated surface

potential. This would explain the rapid k kinetics as
l

the neutral acid concentration in the vicinity of Z would

be unaffected by surface charges and would be the same

as the concentration in the bulk phase. The k2 kinetics

would, instead, reflect the mono-anion concentration in

the double layer.

At high pH values, the membrane bound groups giving

rise to the surface charge would be largely deprotonated,

resulting in a large, negative surface potential, a

lower concentration of the ascorbate anion near the

membrane surface and, thus, to a lower value of k2. As

the pH is decreased, these groups would protonate,

decreasing the surface charge density, and the value of

k would show a corresponding rise. This trend in k
2

is in agreement with that demonstrated above: the k

2

2

is pH dependent and that it increases as the pH decreases.

To test this model, we have made use of the inverse

relationship between the surface potential and the square

root of the solution salt concentration [73]. This

relationship arises from the Gouy-Chapman equations. Its

applicability to biological membrane membrane surface

and the approximations necessitated by this application

will be discussed in detail in the next section when this

model will be used to actually measure membrane surface
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charge density. Qualitatively, the model predicts that

as the salt concentration of the solution is raised, an

increase in the signal decay rate should be observed if

the residual pH dependence (Figure 9b) is a surface charge

phenomenon. The experiments were performed at pH = 8.0

because under these conditions over 99% of the Z? is

reduced by the mono-anion [Eqn. (2.7)]. We have used

KCl, primarily, in these experiments since previous work

suggested that Signal 11 is localized near the inner

surface of the thylakoid membrane [68] and both K+ and

C1“ diffuse fairly readily through the thylakoid membranes

[7A]. Figure 10 shows the result of a series of salt

concentration experiments. As the concentration of

K+ is increased, the reaction rate increases as predicted.

To insure that the diffusion time of K+ is not rate

limiting, chloroplasts were incubated in a A00 mM salt

solution and the Signal IIf decay rate in the presence

of 2 mM ascorbic acid was determined at various times.

During the course of the incubation, no time dependence

is observed in the decay rate of Signal IIf as seen in

the inset to Figure 10. A divalent cation, Mg2+, was

also examined and its effect on the decay kinetics of

Signal IIf is summarized in Figure 10. It is effective

at lower concentrations than K+, as predicted by the

Gouy-Chapman model, which further substantiates the

mediation of a surface charge effect in Z? reduction

kinetics.
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Figure 10 -- Salt concentration dependence of the Signal IIf

second order decay constant, k at pH = 8.0 and 2 mM
2,

ascorbate. Chloroplasts were incubated in the salt

solution for 5 min prior to initiation of the experiment.

Inset: salt incubation time dependence of Signal IIf

second order decay constant, k2. The experimental

conditions are described in Figure 7.
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Additional work has been carried out to determine if

the mediating surface charge exists on the inner or outer

thylakoid surface. This involves the use of cationic

detergents. Itoh and coworkers [75,73] have shown that

the addition of low concentrations of cetyltrimethyl-

ammonium chloride to chloroplasts suspensions effectively

lowers the outer surface potential of thylakoid membranes.

The hydrocarbon tail is adsorbed to the outer membrane

surface, preventing the diffusion of the molecule through

the membrane, while the positively charged head group lowers

the negative surface charge density. In this way, one

may selectively mask the surface charge on the outer

membrane. In our experiments, however, the choice of

detergent is severely limited. In the experiments in which

cetyltrimethylammonium chloride was used [75], the

chlorophyll concentration was around 50 pg ml-l suspension.

The detergent concentration ranged from about 30 to 90 pM.

In the EPR experiments, much higher chlorophyll concentra-

1). To maintaintions are required (3-6 chlorophyll ml—

the same detergent to chlorophyll ratio, detergent

concentrations in the range of 3-9 mM would be required.

This is above the critical micellar concentration of

cetyltrimethylammonium chloride (9><lO-u M) [76], and we

have found that at these detergent concentrations there is

a complete loss of Signal IIf, most likely due to the

solubilization of the membrane. One detergent meeting our

requirements is nonyltrimethylammonium bromide with a
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critical micellar concentration of l.A><10"l M [76]. Its

structure and the results of these experiments are shown

in Figure 11. Addition of this cationic detergent up to

its critical micellar concentration has no appreciable

effect on the rate of Z? reduction by ascorbate, while in

the same concentration range K+ concentration effects are

readily discerned (Figure 11). Above the critical

micellar concentration there is, again, a complete loss

of Signal IIf.

In the work of Itoh [75] the detergent/chlorophyll

ratios that we have used were sufficient to alter the outer

membrane surface potential substantially, leading to a ten

fold enhancement in the rate of the reaction that was

being monitored. In our experiments, virtually no effect

is seen due to the shielding of the outer membrane

surface charge of the cationic detergent. We conclude,

therefore, that the surface charge density which determines

the rate of reduction of Z? by the ascorbate anion is

that of the inner membrane surface in the vicinity of ZI.

During the course of this study, we have observed a

variation in the absolute reaction rates among chloroplast

suspensions, which we suspected was a result of having

used market spinach in these experiments and thus, of

having had very little control over its age and the

conditions of the membranes. We have investigated,

therefore, the effect that membrane integrity plays in

the decay kinetics of Signal IIf. A chloroplast suspension
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Figure 11 -- Cationic detergent activity dependence of the

Signal IIf second order decay constant, k2, at pH 8.0 with

2 mM ascorbate. The experimental conditions are described

in Figure 7.
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was sonicated and these treated samples examined for

changes in the decay rates. The results are shown in

Figure 12. Upon mild sonication, there is a gradual

increase in the reaction rates. The condition of the

thylakoid membrane does appear to contribute to the

observed rate of reduction of Z? by ascorbatic acid and

is the most likely explanation for the variation in

quantitative rate constants among chloroplast suspensions.

D. Discussion

The origin of Signal IIf, a photoinduced, EPR

' detectable radical observed in nonoxygen evolving chloroplast

suspensions, has been attributed to an as yet unidentified

quinone derivative, ZI, which lies along the electron

transport chain between the PS II reaction center, P680,

and the site of water oxidation. In inhibited chloroplasts,

Z? is the principal site of PS 11 mediated exogenous

electron donation [68]. In this study, we have investigated

the Signal IIf decay rate enhancement induced by several

charged donors and have focused, in particular, on the

mode of ascorbic acid donation. From the observed pH

dependence of the reduction of Z? by ascorbic acid, the

kinetic scheme summarized in Equations (2.A)-(2.6) have

been hypothesized. The overall rate of Signal IIf decay

is given by Eq. (2.7). Values of k = l.A><10u M-1 s-1
l

and k = 6.6><102 M.1 8'1 (pH = 7.0) have been calculated
2

from a set of experiments (Fig. 7) in which the decay
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Figure 12 -- Effect of sonication of the Signal IIf

decay half-time at pH = 8.0 with 2 mM ascorbate. Other

conditions are described in Figure 7.
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FIGURE 12
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rate was examined as a function of both pH and the ascorbate

acid concentration. As noted above, we have found the

quantitative values of k1 and k2 for different chloroplast

preparations to be somewhat variable. For example, in a

second set of experiments, identical to those described

in Figure 7, values of k1 and k2 were found to be

A x 10“ N’1 8.1 and 8x 102 III‘1 s’l (pH = 7.0), respectively.

One cause for this variation appears to arise from

differences in the integrity of the chloroplast membrane

as detailed in the sonication experiments of Figure 12.

In addition, the greater variability in the value of kl’

the constant associated with the neutral acid, can

probably be explained by the extreme sensitivity of this

species to variation in pH, arising from the low first pKa

value of ascorbic acid (A.1). In going from pH 6.0 to

6.5, for example, the concentration of neutral ascorbic

acid decreases by 70%, whereas the concentration of the

mono-anion, associated with k2, varies less than 5% over

the entire pH range (5.5-8.5). Thus, small pH errors

can be magnified in the calculated values of kl’

These calculated rate constants provide a first order

explanation for the pH dependence of the reduction kinetics

of Zf by ascorbic acid but do not explain the residual pH

dependence shown in Fig. 9b. The primary cause of this

residual pH dependence appears to arise from surface

charge effects which have been incorporated into a

reaction mechanism, described by Eqs. (2.A)-(2.6), by
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allowing k2, the rate constant associated with the ascorbate

mono-anion, to become a function of the suspension pH.

This relationship between membrane surface charge effects,

pH and the value of k2 has been explained in terms of the

Gouy-Chapman diffuse double layer theory. In this way,

calculated and observed decay rates are brought into

excellent agreement (Fig. 9d). The double layer model

predicts that the rate of reaction between Z? and HAsc-

should vary not only as a function of pH, which would

involve a change in the membrane surface charge density

and, hence, the surface potential, but also with the

salt concentration which would alter only the surface

potential. Fig. 10 illustrates that this is true when

either KCl or MgCl2 is added to the chloroplast suspension.

These data have been used to construct a plot of the

inverse square root of the salt concentration versus the

natural log of k2 as shown in Fig. 13. A linear

relationship is observed for both salts, as predicted by

the diffuse double layer mode. Moreover, the difference

in the slopes of the K+ and Mg2+ data in Fig. 13 indicates

that the divalent cation effectively masks the surface

charge at lower activities than the monovalent cation,

again as predicted by the double layer model. For either

salt, the extrapolated rate at infinite salt concentration

should reflect the intrinsic ability of HASC- to reduce

+
Z-, when the membrane surface charge has been completely

masked. The data of Fig. 13 Show that this rate is, as it



66

Figure 13 -- A plot of the inverse square root of cation

activity versus the natural log of k2 taken from data in

Figure 10.
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should be, independent of both the charge and chemical

identity of the masking cation. From the data of Fig. 13,

-l
we assign k2co the value 3.6><103 M—1 s A comparison

of the value of k in the absence of added salt with

2

k m shows that a four—fold enhancement in k2 can be

2

achieved through salt addition. Although k2 values

vary somewhat from chloroplast preparation to

preparation, as discussed above, this same degree of

enhancement is observed, independent of the chloroplast

sample.

As Saha et al. have done for exogenous acceptors to

PS II [77] one can characterize the donors studied here

and in an earlier report [68] according to their

lipophilicity as shown in Table 1 (p. 36). The progression

from benzidene, which exhibits the most rapid reduction

of 2?, through diphenylcarbazide roughly parallels the

increasing polarity of the donors as reflected by their

solubility properties [78,79]. These data support the

placement of Z in a lipophilic environment (within the

thylakoid membrane) as the lipophilicity of the donor

appear to define the efficiency with which it reduces

Zt. At the other end of Table 1, I- through W(CN)g',

the reaction rates are slow. The negative charge on the

outer membrane surface [72] should lead to low local

concentrations of these species. This, as well as the

low dielectric constant of the membrane double layer,

should severely hinder the passage of these anions to Z
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and render good reductants ineffective. The ascorbate

mono-anion occupies an anomolous position in Table 1.

It exhibits a very high reaction rate

(k2m = 3.6x103 M_l s-l) yet carries a negative charge.

2 -l -1

Even the value in the absence of salt, k2 = 6.6><lO II s ,

is an order of magnitude greater than the rate constants

of the other anionic donors (k‘¥2><10l M_l s-l). This

may be resolved by postulating that it is the neutral

form of the acid which diffuses across the membrane and

subsequently dissociates to give the mono-anion in the

inner thylakoid volume. The extent of this diffusion

is controlled by the pH of the suspension and a similar

mechanism involving the diffusion of neutral amines,

with their subsequent protonation in the inner thylakoid

volume, has already been established [80]. In this model,

the pool of HAsc- used in the reduction of Z? need not be

sensitive to the outer membrane surface charge as it is

the neutral form, HZAsc, which diffuses across the membrane.

The HAsc' reducing Z1L would presumably be that found in

the inner thylakoid volume as Z has been Situated toward

the inner membrane surface [68]. The observed surface

charge mediation (Fig. 10) of the reaction between HAsc-

and Z? must, therefore, arise from a Charge on the inner

thylakoid membrane. This conclusion is strengthened by

the results of the detergent experiments (Fig. 11). In

these, a cationic detergent, nonyltrimethylammonium

bromide, was added to the chloroplast suspension at
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concentrations below its critical micellar concentration

and its effect on the reduction kinetics of Z? by HAsc-

examined. Previous experiments, reported by Itoh [73,

75] demonstrated that the addition of a cationic detergent,

cetyltrimetylammonium chloride, in the same detergent to

chlorophyll ratio as we have used, dramatically alters

the surface charge density, and hence the surface

potential, of the outer chloroplast membrane surface.

As our data in Fig. 11 show, the addition of nonyltri-

methylammonium bromide up to its critical micellar

concentration, has an effect in the reduction kinetics

of Z? by HAsc' while addition of similar concentrations

of K+, which freely diffuses across the membrane,

significantly alters the rate of reaction. We conclude

that the species Z, which gives rise to Signal IIf in

Tris-washed chloroplast membranes, lies near the inner

surface of the thylakoid membrane, most probably in a

lipophilic site. We have shown as well that the reduction

of Z? by a charged donor, the ascorbate mono-anion, is

mediated by membrane surface Charge effects and that the

mediating surface potential arises from the inner membranes

surface, in the vicinity of Z. The magnitude of this

inner surface charge should now be accessible by using

data such as those shown in Fig. 13.



III. SURFACE CHARGE ASYMMETRY

IN PHOTOSYSTEM II

A. Introduction

In the previous section, an extensive analysis of

the decay kinetics of EPR Signal IIf, arising from the

photooxidation of an intermediate, Z, allowed us to

postulate the existence of a net negative membrane surface

charge in the vicinity of Z. The analysis allowed us to

localize Z toward the inner membrane surface and to

suggest that the membrane potential mediating the reaction

between Z? and the ascorbate mono-anion arises from the

inner thylakoid membrane surface. Both experimental

results and theoretical treatments [81—83] have appeared

in the literature recently which suggest that the charge

on the thylakoid inner membrane surface may be different

from that of the outer surface. Recently reported

techniques for measuring the outer surface charge density

in the vicinity of PS II [73,75,8A] enable us to compare

directly the surface charge densities on either side of

the membrane in the vincinity of PS II. To avoid

ambiguities caused by comparison of quantitative results

between different laboratories, both EPR and fluorescence

71
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induction experiments have been carried out and reveal

that a surface charge asymmetry does, indeed, exist in

the vicinity of PS II.

B. Materials and Methods

1. Kinetic EPR Instrumentation and Experimental Protocol

Only the light source differs from the experimental

instrumentation described in the previous section. The

protocol remains the same. The light source was a xenon

flash lamp (ILC, Sunnyvale, CA) fired by a discharge

circuit designed in the laboratory (Fig. 1A). The pulse

duration was 1A us (full width at 1/3 maximum); the

electrical discharge energy was typically 20 J. The

flashes were of saturating intensity as determined by a

saturation curve for Signal IIf formation. The flash

lamp is housed in a r.f. shielded aluminum box at one

focus of an elliptical reflector. The other focus is

occupied by one end of a two foot long, tapered lucite

light pipe and a plano—convex lens which serve to focus

the light onto the grating of the TM model EPR cavity.
110

The high voltage power source is from Del Electronics,

Mount Vernon, New York. Again, through Opto-isolation

and careful shielding, no electrical transient is detected

by the EPR spectrometer when the lamp is fired.

2. Fluorescence Instrumentation and Experimental Protocol

Fluorescence experiments were performed with either

sucrose-washed or Tris-washed chloroplasts as noted.
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Figure 1A -- Circuit diagram for Xenon flash lamp.
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The chloroplasts were suspended (25 to A0 ug chloro-

phyll per ml suspension) in 0.A M sucrose, 10 mM NaCl and

50 mM Tricine (pH = 8.0) containing 1 uM 3-(3,A—

dichloropheny1)-l,l-dimethylurea (DCMU). K3Fe(CN)6

(0.5 mM) was added as noted. The light source was a 200 W

tungsten lamp (General Electric Model EJL) operated at

5 V (d.c.) whose output was passed through two filters

(Corning GSA-96) and a short pass filter (Baird-Atomic,

600 nm) in order to select blue exciting light. The

excitation intensity was 5X103 erg cm"2 s-l. The

fluorescence, measured at a right angle to the excitation

beam, was detected by a photomultiplier (EMl 9558QB)

protected by two red filters (Corning CS2-58). A camera

shutter was used to begin and end the illumination of

the sample. The signal from the photomultiplier was

recorded on a strip chart recorder. All measurements

were made at room temperature.

Aliquots of the dark adapted chloroplast suspensions

were added to the reaction solution, including DCMU and

Fe(CN)g- and allowed to incubate for l min in the dark.

The sample was illuminated for 90 s to insure complete

formation of Q7. The shutter was then closed. After a

variable (5 s - 80 3) dark delay time, the sample was

re-illuminated and the state of Q calculated from the

equation [82]:

 

[Q'l = Ft'Fo
(3.1)

[Qtot] Foo"Fo
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where F0 is the initial "dead fluorescence" level when

the dark sample is first illuminated, Ft is the initial

fluorescence level upon re-illumination after the dark

period (5 s — 80 s), Fm is the fluorescence level,

measured in the presence of DCMU but absence of

Fe(CN)g-, at the end of a 90 s illumination period.

Determination of these fluorescence levels from experimental

traces is shown in Fig. 15.

3. Calculation of Membrane Surface Charge Density

The effects of membrane surface potential on reactions

involving surface bound reactants can be quantified by

using the Gouy-Chapman diffuse double layer model and by

making suitable approximations [85-87]. A brief derivation

follows. The coulombic interaction between charges in an

aqueous system is given by the Poisson equation:

2 Am)

vw=- E (3.2)

where w is the potential, E is the permittivity of water

[78.A so] and p is the charge density. The distribution

of ions in the solution will be described by a Boltzmann

equation:

n1 nib exp(-ZieV/kT) (3.3)

where n1 is the concentration of the ith species where

the potential is given by w, n is the concentration at
lb

0 = 0 in the bulk solution and Z is the ionic charge.
1
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Figure 15 -- Sample traces from fluorescence induct ion

experiments showing the determination of the three

and F .quantities, Fm, FO t



78

  

 

  

 

no re(CNIg'  

 

Z70mM KCI F.

I)AM DCMU

_I_
i 905 :—  

w,

0.5mM re(<:NIg'

Z70mM KCI

  

l/AM DCMU T

Ft t=605

T... Li. _L

s 905 == 605—>
 

 

FIGURE 15



79

All other terms assume their standard values. The space

charge density, p, or the sum of ionic charges per unit

volume is given by:

p = f Zieni (3-“)

By combining Eqs. (3.2), (3.3) and (3.A) one arrives at

the expression:

2 _ An
V w - - 17 f Zien1b exp(-Ziew/kT) (3.5)

The LaPlace operator, V2 is next simplified to d2/dx2

by making the assumption that the membrane surface approxi-

mates an infinitely large planar interface with the

solution. The radius of a single thylakoid is approximately

2500 A while the electrical double layer exerts an

influence on ions at distances no greater than about

100-200 A from the surface making this approximation

reasonable. Equation (3.5) may then be integrated, after

some manipulation, to give:

dw)2 _ 8nkT

(d; E

 

f nibEexp(-Ziew/kT)—ll (3.6)

The condition of electroneutrality requires:

0 = - Ajodx (3.7)

where o is the surface charge density which is equal and

opposite to the solution space charge density. Using

Poisson's relation, this integrates to give:



o = g; <§§>x=o , w a I (3.8)

where ws is the surface potential. Combining Eqs. (3.6)

and (3.8) gives:

0

1:

+2§F ? nbLexp(-zieIS/kT)-ll (3.9)

For ws‘<50 mV/Z and a 2:2 symmetrical salt:

Is = <—e§::T)io/z. (3.10)

lb

Again, ws is the membrane surface potential, nib the

concentration of charge on the ith species and a is the

membrane surface charge density. This equation allows

the calculation of surface charge density from apparent

rate constants as follows [87]. Consider an electron

transfer reaction between a redox agent, D, and a membrane

bound species, A. The subscripts b and 8 denote molecules

in the bulk phase and at the surface. The rate of

reduction of A+ is described by:

- d———[dAtJ= k° oDSEA+J (3.11)

where ODS represents the activity of the redox reagent D

near the membrane surface, which is related to the bulk

activity of D by the Boltzmann distribution:

-ZwDew

ODS = dDb exp(ww) (3.12)

The apparent rate of reaction is given by:
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-d[A+] +

dt = k[Db][A ] (3 13)

By equating (3.11) and (3.13) one arrives at:

k aDs = RIDb] (3.1A)

which, upon substitution of (3.12) becomes:

-ZDews
koan 9Xp(‘—Efir—9 = RIDb] (3-15)

By defining dDb = YDb[Db],where YDb is the activity

coefficient as calculated by the extended Debye-Hfickel

equation, this simplifies to:

o -ZDewS 6

k - k YDb €Xp(—T(-T—'—) (3.1)

By taking the natural log of this equation and substituting

equation (3.10) one gets:

k a 2‘IT $5 -]'§

1n ——— = lnlc - —— (———) n O (3.17)
YDb i kTE ib

the final form which relates the apparent rate constant, k,

to the bulk salt concentrates, ni as well as the surface
b,

charge density, 0.

C. Results

The relation between membrane surface charge density

(a) and the rate constant of an electron transfer reaction

between a membrane bound component (Z,Q) and a charged

redox reagent in the suspension medium (HAsc-, Fe(CN)g-)

has been described by the linearized form of the Gouy—
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Chapman equation (3.17) which is valid for monovalent

(Zi = l) symmetrical salts. For this reason, only the

KCl concentration dependence has been used in calculating

surface charge density values from the data presented

below. The terms Y and Z refer to the activity coef-

ficient and charge of the redox reagent, HAsc- for the

EPR experiments and Fe(CN)g- for the fluorescence

experiments. The extended Debye-Hfickel equation [88]

was used to calculate y; the ion size parameters were

taken from Kielland [88] and the value for HAsc' estimated

to be a=6. Because relatively high ionic strengths were

used, V was also calculated by using the Hfickel modifica—

tion to the extended equation which is valid at high (a

few molar) ionic strengths [88]. The difference in the

calculated values of Y by these two methods leads to a

difference in a, the net surface charge density, which

falls within the range of experimental error (10.3 uC cm-2).

The use of relatively high ionic strengths is dictated by

equation (3.17) which is only valid if the surface

potential is less than about 50 mV [87]. The terms Z
i

and n refer to the charge and bulk concentration of
i

the salt in the medium. All other terms assume their

standard values.

The salt concentration dependence of EPR Signal IIf

is apparent in Figure 16, a series of experimental

traces which demonstrate the salt induced enhancement of

the decay kinetics. The apparent rate constants were
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Figure 16 -- Effect of KCl on the reduction of Z? by HASC-

(2 mM) in Tris-washed chloroplasts, pH = 8.0, instrument

time constant = 3 ms, 75 scans averaged.
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calculated from these data and have been plotted in_

Figure 17 (left) as (Zi/Z)ln(k/Y) versus [K+]-7. As

indicated by Eq. (3.17) the slope is proportional to the

surface charge density. The EPR data yield a value for

a of -3.A i 0.3 UC‘Cm-2 for the inner surface of the

thylakoid membrane in the vicinity of Z at pH = 8.0.

Figure 17 (right) is a similar plot of the results of

fluorescence induction experiments on Tris-washed chloro-

plasts. The fluorescence data Show an outer surface

Charge density near Q of —2.2 i 0.3 uC-cm-2, also at

pH = 8.0. Analogous fluorescence experiments have been

carried out with sucrose—washed, oxygen evolving chloro-

plasts as a control. The surface charge density near Q

calculated from these experiments is -2.1 i 0.3 uC-cm-2.

Therefore, under dark adapted conditions, a surface

charge asymmetry exists across the thylakoid membrane in

the vicinity of PS II.

Attempts to measure A0 at lower pH values have been

complicated by the mechanism of electron donation to Z1’

by ascorbic acid. At pH values below 8.0, reduction by

the neutral acid, H Asc (pKa = A.l) becomes increasingly
2

important and the surface charge effect is lost [89].

Secondary salt effects on the concentration of HAsc-

and Fe(CN)g- were calculated and found to be negligible

over the K01 concentration range studied.

To verify that the charge densities we have measured

by EPR and fluorescence techniques do correspond to those
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Figure 17 -- Plot of equation 3.17 with 21 = 1, (see text)

for EPR experiments (left) and fluorescence experiments

(right), at pH = 8.0. The salt concentration was adjusted

by addition of the monovalent salt, KCl, in both series

of experiments.
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at the inner and outer membrane surfaces, respectively,

the effects of cationic detergents on the rates of the

two reactions have been studied. Detergents modify

the surface potential not through a double layer effect,

but through specific adsorption. Itoh [73,75] has

postulated that the hydrocarbon tails adsorb to the

membrane and serve to anchor the positively charged

head groups to the surface. He has demonstrated that

the resulting decrease in surface potential leads to

faster rates of Q- oxidation by Fe(CN)g' in chloroplasts

inhibited with DCMU, when cetyltrimethylammonium chloride

is used as the detergent. We have reported [89], in

contrast to this outer surface behavior, that the addition

of a cationic detergent, nonyltrimethylammonium bromide,

l M atup to its critical micellar concentration (1.A><10—

T = 30°C) shows no effect on the reduction kinetics of

Z? by HAsc-. We have concluded, therefore, that this

reaction is mediated by the inner membrane surface

potential which remains unaffected, at least at short

times, by the addition of cationic detergents. The

effect of nonyltrimethylammonium bromide on the kinetics

of Q- oxidation by Fe(CN)g- in tris-wash chloroplasts

has also been examined. In agreement with the results of

Itoh on sucrose-washed chloroplasts in the presence of

cetyltrimethylammonium chloride, we have seen an

enhancement in the rate of reaction at detergent concen—

trations below those required to perturb the double layer
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through non-specific cationic effects. Thus, only one

of the two surface charge densities that we have measured

is susceptible to alteration by detergent adsorption,

consistent with the hypothesis that one reflects outer,

and the other inner, surface effects.

D. Discussion

Two techniques, the decay of EPR Signal IIf and

fluorescence induction in tris-washed chloroplasts, have

been used to determine net surface charge densities for

the inner and outer thylakoid membrane surfaces in the

vicinity of PS II. The values obtained are -3.A $0.3 uC-cm'2

for the inner surface and -2.2:t0.3 UC‘Cm-2 for the outer

surface, corresponding to one electronic charge per

500 A2 on the inner surface and to one charge per 750 A2

on the outer surface near PS II. The use of two different

ionic species in these experiments does not appear to be

a serious limitation judging by the similarity in values

for surface charge near P700 obtained by using either

ascorbate or ferrocyanide as the charged species (Table 2).

As shown previously [89] no pH gradient is built up

during the course of an experiment under our conditions.

These calculated surface charge densities are, therefore,

valid at pH = 8.0, the pH of the suspension medium. It

must also be noted that the A0 measured in these experiments

is specific to the membrane near PS 11. Surface potentials
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can be calculated from these Charge densities at various

salt concentrations by using the equation:

ZW

o = 7.33><10-3n%sinh(§6%§) (3.18)

valid at 25°C and following from Eqs. (3.2)—(3.17). If

the chloroplast suspension is 10 mM in monovalent salts,

this leads to a Aws of 20 mV across the membrane or a

l for a membrane thickness of 50 A.field of Ax IO“ v-cm"

This dark, static field is an order of magnitude smaller

[90] and in the opposite direction to the photo-induced

field, arising from the photo-oxidation of P680 and

photo-reduction of Q across the thylakoid membrane,

that being positive toward the inner surface and negative

toward the outer surface. This photo-induced field has

been shown to cause a red shift in an absorption band,

around 515 nm, of an indicator pigment, [91-93], an

example of the Stark effect, which predicts that the

extent of the band shift is a function of both the

dipole moment of the absorbing species and of the

magnitude of the electrical field. The change in the

molar absorption coefficient, 5, is given approximately

by [9A]

 

where Au is the permanent dipole moment difference between
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the ground and excited states of the absorbing molecule,

0 is the angle between AH and F, 0 the wavenumber and Ad

is the polarizability difference between the ground and

excited states. The other terms assume their usual values.

Electrochromic shifts in chlorophyll b absorbance, lg vivo
 

and 13.21339, have been measured and are linear with

respect to the field. As chlorophyll b has a permanent

dipole moment, this approximately linear response to the

field strength is expected from the first term of Eq. (3.19).

The extent of the 515 nm absorbance shift has also been

shown to be linearly proportional to the light induced

membrane field [95-97]. However, since the absorbing

species is a carotenoid, probably B-carotene, which has

no permanent dipole moment, a quadratic field dependence

would be predicted instead. One explanation for this

discrepancy has been the assumption that the carotenoids

are exposed to a permanent electrical field, Fp, perpendicu-

lar to the membrane, which is much stronger that the light

induced field FL [98]. The effective field would then

be the sum of the light induced field, F and the
L9

permanent field, Fp. Under these conditions, the absorp-

tion change, AA, would be proportional to (Fp+FL)2. If

L’ the pseudo—linear term,

2FpFL, would predominate over the quadratic term, F

giving a AA proportional to F

Fp were much larger than F

2

L 2

L’ as is observed experimentally.

This "linearizing field", Fp, has been attributed to surface



9A

potential asymmetry in the vicinity of PS 11 and, to meet

the requirements of the argument above, must be not only

much larger, but also in the same direction as the light

induced field, FL. As our results indicate, this is

most unlikely. We have found a surface Charge density

asymmetry, leading to a transmembrane field. This

field is, however, smaller than the light induced field

(A><10u V cm.1 versus 2><105 V cm-l) and in the Opposite

direction (negative inside). Thus, we concur with

Reich and Sewe [99,100] that the permanent, polarizing

force felt by the carotenoids is local in nature, and

not a transmembrane field arising from membrane surface

potential asymmetry.

Our experimental measurements do concur, however,

with a model presented by Duniec and Thorne [101] in

which they propose a mechanism of proton uptake by

chloroplast membranes in terms of asymmetry of membrane

surface charges. The model is presented schematically

in Figure 18. The dark adapted case is shown in Figure

18a. Under these dark equilibrium conditions, the enclosed

volume and the outside solution have the same electric

potential and same concentration of ions, except for

the diffuse charge layer adjacent to the membrane. This

is a result of the surface potential asymmetry

t v ), a consequence of the transmembrane(W
S,in s,out

surface charge asymmetry (ain # OO ). In equilibrium,
ut

this difference creates an internal electric field in



95

Figure 18 -- A schematic representation of the thylakoid

membrane and its associated surface potential (a) in dark

adapted chloroplasts (pHin =,pH ) and (b) after

).

out

illumination (pHin<pHout
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the membrane. This field is dissipated, however, after

illumination. Figure 18b illustrates the system under

steady state conditions. Upon illumination, chloroplasts

take up protons via the plastoquinone pool and the

proton release from water oxidation. As the inner pH

drops, the surface bound groups giving rise to the

negative surface charge will protonate and decrease

the surface charge density. In Figure 18b, the surface

charge densities are shown as being equal, leading to

a loss of the membrane field. However, the magnitude

and even the orientation of the steady state field are

difficult to predict, as we have been unable to measure

the effective pKa of the inner surface with the system

we have studied, i.e., by using ascorbic acid as the

donor. Average values for the inner (pKa = A.l) and

outer (pKa = A.A) surfaces have been estimated [82] and

indicate a charge asymmetry across the membrane, although

these are average values for the two surfaces, not

localized charge densities as we believe we have measured.

The orientation of the field, negative toward the

inside, is such that it could be expected to stabilize

the charge separation at the PS II reaction center. For

example, 13 11239, the rate of the back reaction between

bacteriopheophytin and methylviologen, a donor—acceptor

pair with a free energy difference comparable to that

between bacteriochlorophyll and bacteriopheophytin, is

12 A
of the order of 2><10 s"1 [101]. This is about 10
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times faster than the in 1119 reaction between BChl and

BPh [102], which has been attributed, to some extent,

to stabilization through interaction with other charged

components of the reaction center. Assuming that the

full 20 mV is experienced by the photogenerated electron

and hole, we calculate that the field arising from

surface charge asymmetry should slow the deleterious

charge recombination by a factor of two [103], an

effect that should be lost after light driven acidification

of the inner thylakoid volume (Figure 18).



IV. CHARACTERIZATION OF AN ENDOGENOUS

DONOR TO PHOTOSYSTEM II

A. Introduction

In both the EPR and fluorescence experiments described

in the previous section, we used a variety of mono-(K+,

Na+) and divalent (Mg2+, Ca2+, Mn2+) cations to probe the

surface charge properties of the thylakoid membrane. In

general, these species behave in a manner consistent with

the Gouy-Chapman model in that we observe increased

decay rates, through a double layer effect, as the ionic

strength of the medium is increased. We have observed,

however, anomalous, non-double layer effects with both

Ca2+ and Mn2+ salts as well as with the anion of

carbonylcyanide m-chlorophenylhydrazone, CCCP-. In each

case, we see a dramatic enhancement in the decay rate of

Signal IIf at salt concentrations far below those required

to perturb the membrane surface potential significantly.

We have developed a model in which an endogenous donor to

Z becomes kinetically competitive with exogenous donors

2+

upon addition of low concentrations of Mn or CCCP-

2+

(10 uM) or moderate concentrations of Ca (10 mM). A

second postulate of this model is that the endogenous

99
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donor, which we observe under reducing conditions in

Tris—washed ChlorOplasts, is the membrane component

that mediates cyclic electron flow around PS II in DCMU

blocked, Tris-washed chloroplasts, under oxidizing

conditions.

Other groups have reported general Ca2+ effects in

the electron transfer reactions of PS II [10A-106] but '

our data localize an effect on the oxidizing side of I

PS 11, between the reaction center and the water oxidizing

complex. Piccioni and Mauzerall [107,108] have reported

a Ca2+ sensitive, high potential component, acting as both  
an electron donor and acceptor for PS II, which they

imply may be cytochrome b559.

Mn2+ has also been implicated in the photo reactions

of cytochrome D [109-111] although firm experimental

559

evidence is notably lacking. EPR work has been done,

however, which suggests that Mn2+ serves as a direct

electron donor to P680+, as evidenced by a loss of

Signal IIf amplitude with increasing Mn2+ concentration

in Tris-washed chloroplasts [68]. Upon closer investiga-

tion, we find that the Mn2+ effect on Signal IIf is,

phenomenologically, very similar to that of Ca2+, a

non-redox active species. This has led us to reinterpret

these earlier data in terms of the endogenous donor model.

The third reagent that leads to the enhanced decay

rate of Signal IIf, COOP“, is one of a class of ADRY

(Acceleration of the Deactivation Reactions of the water
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splitting enzyme, Y) reagents. These are lipophilic

anions which act to modify the stability of redox

equivalents stored in the S-states by decreasing the

lifetimes of 82 and S3 [112]. The mechanism of destabili-

zation is unknown. The other effects of this class of

reagents are worth noting. They lead to the rapid dark

decay of EPR Signal IIs [61] which is formed by the S
2

and S3 states, and they lead to the photooxidation of

cytochrome D [113-115].

559

Thus, although it is difficult to reconcile the fact

that hydrophilic cations (Ca2+ and Mn2+) and a lipophilic

anion (CCCP-) appear to induce the same changes in the

decay rate of EPR Signal IIf, all three species have

been previously implicated in a common process, the

photooxidation of cytochrome b although the mechanism

559’

of their involvement has not been well defined. Here,

we shall attempt to give a more quantitative description

of their effects and to integrate them into a model based

on the existence of an endogenous donor to PS II.

B. Materials and Methods

1. Kinetic EPR Instrumentation

These experiments were performed with a Bruker model

ER-200D EPR spectrometer. A Varian TMllO mode cavity

(model E238) was fitted to the microwave bridge by using

appropriately modified waveguide and impedence matching

circuitry. The sample cell was a Scanlon EPR flat cell
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(S-81A). The microwave power was 20 mW and an effective

modulation amplitude of 50, as determined by the method

of Poole [116], was used in all experiments. The light

source was a Xenon flash lamp as described in the

preceeding section. Data were collected and stored with

a Nicolet model 1180 data system.

A new timing circuit, shown in Fig. 19, was designed

by M. Rabb and built in the laboratory. This allows the

triggering of the flash lamp after triggering the EPR

trace. The delay time is variable for 2 to 20 ms. The

repetition rate of this sequence is variable from 2

flashes per second to one every 20 seconds. The novel

feature of this circuit is that the triggering is based

on a 100 KHz signal from the EPR instrument. This feature

is included to help minimize a light induced cavity

transient. This transient is seen both with and without

sample in the cavity (Fig. 20a,b), is independent of

the detector phase angle (Fig. 20c), is dependent on the

microwave power (Fig. 20d,e) and is strictly a light

induced, i.e. not an electrical, transient (Fig. 20f).

The transient apparently arises from light induced change

in the Q of the cavity (Q = vr/Av, where up = resonance

frequency and Av = difference of frequency values at the

half power points or, alternatively, Q = 2n maximum

microwave energy stored in cavity/energy dissipated per

cycle). This gives rise to the positive going spike in

Fig. 20 which is followed by a negative going signal during
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Figure 19 -- Circuit diagram of kinetic EPR triggering

circuit.
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Figure 20 -- Light induced cavity transient (a) sample

in cavity, (b) empty cavity, (0) phase angle 180° out of

phase (d) 200 mW power, (e) 20 mW power, (f) light blocked

from cavity but flash lamp firing. Instrument time

constant 100 us, 100 scans averaged, 5 G modulation ampli-

tude, 20 mW power unless otherwise noted.
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a recovery period. These relatively long lived signals

may be due to the lock-in amplifier as Fourier components

of the Q change will exist and will be amplified. We

have attempted to correct this by triggering alternatively

on the positive and negative edges of the 100 KHz

modulation frequency of the EPR instrument. We have also

placed a passive filter (50 KHz low pass) between the

microwave detector and signal amplifer and, so, have

shortened the duration of the transient. The remaining

cavity signal, however,prec1udes the measurement of Signal

rise times faster than about 1 ms and subtracts from the

EPR signal during the lifetime of the cavity transient,

leading to an apparently lower signal height. This has

prevented us from seriously pursuing the kinetics of

Signal IIvf, whose decay-halftime corresponds roughly

to the duration of the cavity transient. This transient

has caused difficulty in detecting the newly Observed

fast phase of Signal IIf, as well.

2. Spinach and Chloroplast Suspensions

Chloroplast suspensions were prepared as described

in previous sections, with a few exceptions. Where noted

(Tris/EDTA wash) 1 mM EDTA was added to the grinding

medium to remove non—essential manganese from the suspen-

sion. In some suspensions (EDTA rinse), 1 mM EDTA was

also added after the 20 min. light incubation in Tris

buffer, before the suspension was centrifuged. This

removes Mn2+ released during Tris-washing.
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3. Potential Measurements

A small volume (5 ml) of Tris-washed chloroplast

suspension (3—5 mg Chlorophyll/ml suspension) was used

as a sample reservoir in the redox titrations described

below. These chloroplasts were kept dark and at room

temperature during the course of the experiment (3 hours).

The potential of the sample was maintained with a 10 mM

Fe(CN)g-/Fe(CN)g- couple, titrated with a 0.1 M solution

of ascorbic acid (pH = 8.0) in STN. A saturated calomel

electrode (Radiometer, K A01), which served as the reference

electrode, a Short length of Pt wire and a model 70l-A

potentiometer (Orion Research) were used to measure the

suspension potential which was recorded before and after

each experiment. The reported potentials are an average

of these two readings, which usually varied by no more

than 5 mV. The system was calibrated using the

quinhydrone couple.

C. Results

1. Reducing conditions

a. Ionic Effects

As noted in the introduction, we have found anomalous

effects of Ca2+ on the decay kinetics of Signal IIf, as

shown in Fig. 21. These are experimental traces (2 mM

HAsc’, pH = 8.0) which Show the relative effect of

50 mM Ca2+ (bottom) and 50 mM Mg2+ (top). Addition of

Ca2+ obviously leads to faster decay of the Z? radical.
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Figure 21 -- Effect of‘Mg2+ (top left) and Ca2+ (bottom

left) on reduction of Zt in Tris-washed chloroplasts,

pH = 8.0, 2 mM HAsc', instrument time constant 1 ms,

2+

150 scans averaged. Effect of Mg (top right) and

a2+
C (bottom right) on the oxidation of Q' by

Fe(CN)g- in Tris-washed chloroplasts, pH = 8.0.
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A trivial explanation for the Ca2+ specific enhancement

(complex formation between HAsc- and Ca2+) can be ruled

out based on the binding constant for this reaction [117].

2+

The Ca effect seems to be specific to the oxidizing

side of PS II as demonstrated by the right hand portion

of Fig. 21, a plot of the time course of fluorescence

induction data for Tris-washed ChlorOplasts (pH = 8.0)

2+ (bottom)

2+

with 0.5 mM K3Fe(CN)6, 1 uM DCMU and 33 mM Ca

2+ (top). In these experiments,‘Ca2+ and Mgor Mg

behave simply as divalent cations. Similar fluorescence

results were noted by Itoh [75] in experiments on non—Tris-

washed chloroplasts.

To test the involvement of Ca2+ in non-surface charge

effects on the water side of PS II, we have studied the

effect of Ca2+ and Mg2+ on the decay kinetics of Signal

IIf under conditions in which diphenylcarbazide, a neutral

donor to PS II [89], was used as the reductant. Addition

of Mg2+ in concentrations ranging from 10 to 50 mM with

0.A mM diphenylcarbazide had no effect on the rate of

Signal IIf decay. Similar concentrations of Ca2+, however,

led to a 2.5 fold enhancement in the decay rate. In

neither case was any variation in rate detected with

increased salt concentration, exactly as would be predicted

for a non-charged donor. In attempting to explain this

Ca2+ effect, we have decreased the EPR instrument time

constant to 1 ms or less and, by doing so, have resolved

a previouly undetected decay component (t .120 ms) of

8
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Signal IIf. What follows is the initial characterization

of an endogenous donor to PS 11 which provides a fast

decay pathway for the photo-induced Z? free radical in

Tris-washed chloroplasts.

Figure 22 is a series of experimental traces showing

2+ (0) onthe effects of HAsc' (a), EDTA (b), and Ca

Signal IIf decay. In the absence of exogenous donors,

the decay of Signal IIf corresponds to that reported

earlier [66]. Upon addition of 2 mM ascorbic acid

(pH = 8.0) (Fig. 22a) there is a dramatic change in the

decay rate of Tris-washed chloroplasts. In this trace,

taken with an instrument time constant of 1 ms, the

decay is clearly bi-phasic, in contrast to the previously

reported effects of exogenous donors on IIf decay kinetics

[68]. In those experiments, the signal decay was shown

to be exponential with a half time dependent on the donor

concentration. We have verified this in Section II.

However, in all previous experiments a marked decrease

in signal amplitude, upon addition of donors, was also

reported. This apparent signal loss can be explained in

terms of the instrument time constant as demonstrated by

Fig. 23, a comparison of the same EPR transient accumulated

With a) a 2 ms and b) a 10 ms time constant. The fast

decay phase is not resolved in trace b) and is manifest

as a decrease in total signal amplitude.

The fast decay phase can be eliminated without loss

in signal amplitude (Fig. 22b) by addition of 1 mM EDTA
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Figure 22 -- Effect of HASC- (2 mM, pH = 8.0) on (a) Tris-

washed chloroplasts alone, (b) with 1 mM EDTA, (c) with

50 mM CaCl Instrument time constant = 1 ms, 150 scans2.

averaged.
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Figure 23 -- Effect of instrument time constant on Signal

IIf decay traces. (a) instrument time constant = 2 ms

and (b) 10 ms. Power = 20 mW, 100 scans averaged, Tris-

washed chloroplasts, 2 mM HAsc- (pH = 8.0).
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after Tris-washing. This treatment removes Mn2+ which

is only loosely bound to the membrane after Tris—washing.

Addition of Ca2+ also removes this loosely bound Mn2+,

as we have reported elsewhere [118]. In the model which

we developed there, four manganese are associated with

each reaction center. One of these four is released

from the membrane upon treatment with Tris, and a second

manganese may be removed by addition of either EDTA

2+

(1 mM) or Ca (50 mM). As Fig. 22 demonstrates, however,

the effect on the decay kinetics of Signal IIf is quite

 
different with these two treatments. Addition of EDTA 1

gives slow, donor concentration dependent decay kinetics

(Fig. 22b). Addition of Ca2+, however, leads to a much

faster decay rate (Fig. 22c). We propose, therefore,

that a rapid decay pathway for Z? exists when either Ca2+

or Mn2+ are associated with Z. A simple kinetic scheme

can be used to describe the traces in Fig. 22 as follows:

k

AH zJ-'+D__1__..AHz+D+ H1 (2 mM HAsc‘,pH=8.O)

= l.A s-l

(A.l)

A‘ztmi-LIAZM k~35 “'1 (A2)
H H 2 S '

k3 _ +

AHZM+D———+AHZM+D k3>ku (A.3)

ku — + —2 -l
AZ+D————+AZ+D k~7><10 (A.A)
H H A

-+ 1‘5 -1
AZ-——-+AZ k~1s (11.5)
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In addition to Z, an endogenous donor, AH, has been

included in this scheme. D represents an exogenous

donor and M is either Ca2+ or Mn2+. Reaction A.l

describes the kinetics shown in Fig. 22b. Here, Z? is

reduced by the exogenous donor. Calculations of the rate

constant, kl’ for a wide variety of donors is possible

by using the data of Table 1. For 2 mM HAsc- at pH==8.0,

k1 = l.A s-1 when double layer effects are corrected for.

Reaction A.2 describes the decay shown in Fig. 22c, in

which Z? oxidizes the reduced endogenous donor, AH-;

we estimate k2 ~ 35 5.1, which gives a decay half time of

20 ms. Reactions A.3 and A.A describe the rate of dark

reduction of AH by the exogenous donor, D. This is

necessary to account for the result in Fig. 22a, a

convolution of the kineticsiJIA.l and A.2. This occurs

when not all of the endogenous donor is reduced between

flashes. This effect has been shown experimentally in

Fig. 2A, in which Tris-washed chloroplasts (2 mM HAsc-,

no EDTA, pH==8.0) were illuminated at a rate of 1 Hz (left)

and 0.1 Hz (right). At high repetition rates, (left) the

decay trace is strongly bi-phasic, as in Fig. 22a. At

slower repetition rates, (0.1 Hz, right), however, the

decay time is shorter and approaches the k2 half time of

20 ms. Thus, it appears that RA is relatively slow and

vve assign it an approximate half time of 10 s

2 3'1).
However, k appears to be faster as

3

Tve see very little slow phase in Fig. 22c. This could be

(kn I~ 7>< 10‘
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Figure 2A -- Effect of flash frequency on the decay of

Signal IIf (a) 1 flash every second, (b) 1 flash every

10 seconds, 1 ms time constant, 20 mW power, Tris-washed

chloroplasts, 2 mM HAsc- (pH = 8.0).
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Flash Frequency Dependence

of Signal 11f Decay Kinetics

a) le b) 0.1Hz
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2mM HAsc'

no EDTA

pH = 8.0

FIGURE 2A
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a simple double layer effect of Ca2+ on the rate of AH

re-reduction by the negatively charged donor, HAsc-

(Section II). For the HAsc- (2 mM, pH = 8.0) case,

k5<kl but, as we show below, if k5 ~ 1 s-l, as

additional data suggest, then k5>kl for slower donors

to 2? (Table 1).

Figure 25 shows experimental points (open circles)

taken from the data in Fig. 22, fitted to calculated

decay curves (dashed lines) using the kl and k2 values

given above. Figure 25a shows all kl kinetics, correspond-‘

ing to Tris-EDTA chloroplasts. Figure 25b shows a mixture

of 50% k1 and 50% k to account for the slow re-reduction
23

time of A by the charged donor, HAsc-, in the absence
H

of Ca2+ (kA)’ presumably a surface charge effect. 'Figure

25a shows 90% k2 and 10% k1 as the reduction of AH

appears to proceed much more rapidly under these

conditions (k3).

We next examined the nature of the association between

2+
Ca and Mn2+ and the A Z complex. Figure 26 is a series

H

of traces demonstrating the effect of Mn2+ on Signal IIf

decay kinetics. These signals were collected with a

200 us instrument time constant and Show only the first

180 ms of the signal decay following a flash. Figure 26a

shows the effect of 1 mM EDTA in Tris-washed chloroplasts.

Removal of the loosely bound manganese leads to slow

(t;5 ~ 500 ms) decay kinetics as described by A.l, above.

lIn the subsequent three traces (Fig. 26b,c,d) the effect
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Figure 25 -- Experimental points (open circles) taken

from Figure 22 fitted to equations A.1 and A.2 as

indicated in the figure.
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Figure 26 -- Effect of Mn2+ concentration on the decay

kinetics of Signal IIf in Tris-washed chloroplasts,

2 mM HAsc— (pH = 8.0). (a) addition of 1 mM EDTA,

(b) no addition, (0) addition of 10 uM Mn2+ and

2+

(d) addition of 20 uM Mn Instrument time constant

= 200 us, 250 scans averaged.
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2+ 2+

of membrane associated manganese (EDTA/Ca labile Mn ,

Fig. 26b) and added Mn2+ (10 uM in Fig. 26c and 20 uM in

26d) on Signal IIf amplitude and decay kinetics is

demonstrated. These have been plotted as 1n(signal

height) versus time after flash in Fig. 27. This treatment

of the data shows that the decay of IIf is bi-phasic and

that the effect of Mn2+ addition is to increase the

proportion of the signal decaying via the k2 kinetics.

It is difficult to carry the titration farther as Signal IIf

is coincident with the hexaaquo Mn2+ signal. Fairly high

instrument gain is necessary to detect Signal IIf. This

becomes impossible at higher Mn2+ concentrations as the

detector diode is saturated by the Mn2+: 6H2O signal.

The Signal IIf amplitude in Figure 26 can be compared

to the measured Signal IIs amplitude for the same sample

(data not shown). As stated earlier, Signal IIs and

Signal IIf should exist in a 1:1 ratio. We calculate that

these photoinduced signals represent over 80% of the

amplitude of Signal IIs and, thus, we see no appreciable

signal loss, implying that Mn2+ is not donating directly

to P680+ as has been contended previously [68,119,120];

at least not under these experimental conditions.

The titration of the fast phase is more accessible

2+ than with Mn2+ 2+:with Ca as there is no interfering Mn

6H20 signal. Figure 28 is a plot of [Ca2+] versus decay

.half-time (2 mM HAso‘, uoo uM EDTA, pH = 8.0). The

.limiting half—time at high Ca2+ concentrations appears to
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Figure 27 -- A semi-log plot of Figure 26, showing the

biphasic nature Of the decay at low Mn2+ concentrations

and how the decay varies with Mn2+ concentration.
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Figure 28 -- A plot of the observed decay half-time of

2+
Signal IIf versus concentration of Ca , at pH = 8.0,

2 mM HAsc‘, uoo uM EDTA.
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be 20 ms. These data can be re—plotted as t8 versus

2+ -1

[Ca ] , as shown in Fig. 29, and a reaction mechanism

can be developed to explain these kinetics. Additional

assumptions about the association between Ca2+ (Mn2+)

and the A Z complex are necessary and are shown below.

 

 

 

H

k

AH-Z+ + M .53 AH'z? M (u.6)

-6

and

k [A ‘2? M]

K = J— : H

Because we have assumed that k238>kl, the decay of ‘“

AH-Z? is then given by:

_d[AH'z+] _ + _ + u

dt -—k2[AH z M] - k2KMEAH z ][M] ( .8)

2+ 2+

Ca ( and Mn ) is not consumed in the reduction reaction

and if one assumes that the equilibrium given in U.7 is

rapid, 4.8 can be rearranged to give:

- +
-d[AH Z

dt

1
 ~ k'[AH'z+] where k' = k2KMCM] (u.9)

The decay half time is then given by

1“ 2 - _J£L3__ (u.io)
t v

8 k k2KMEM]

 

The slope of the plot in Fig. 28 gives a K 2+ = 50 m’l.

Ca

2+

There is one point in Fig. 29, corresponding to 2 mM Ca ,

which is obviously not described by this mechanism. A
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Figure 29 -- A re-plotting of the data in Figure 28 as

decay half-time versus inverse Ca2+ concentration.
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possible explanation is that at low concentrations of

2+
aC (2 mM) and EDTA (MOO uM), not all of the loosely

bound manganese is removed from the membrane [119],

leading to faster decay rates than predicted. This

would be true if the site of the divalent cation effect

had a higher affinity for Mn2+ than for Ca2+. This is

2+ and Ca2+indicated by the decay traces of the Mn

titration experiments. The Ca2+ decay kinetics are

exponential, as predicted if k2<<k_6. The Mn2+ decay

traces, however, are bi-phasic (Figs. 26 and 27), indicating

2+

 

that k2i>k_6 and that the Mn may be binding at a site

affecting the Z? decay rate.

We have also explored the effects of CCCP on the

decay of IIf. The decay traces are, as in the case of

Ca2+, exponential and lend themselves to the same analysis

as that carried out for the Ca2+ experiments. Figure 30

is a plot of decay half-time versus [CCCP]-l. In this

case, KCCCP = H><lOu M'l. This may reflect the greater

solubility of this lipophilic species in the membrane

over that seen with Ca2+. It is interesting to note that

these experiments were carried out in the absence of

exogenous donors, leading to the conclusion that CCCP

must somehow facilitate the re—reduction of AH between

flashes (k3) at concentrations too low to be explained

by double layer effects.

2+

Figure 31 shows the effect of EDTA (b) and Ca (c)

on Tris-washed chloroplasts in the presence of 50 mM KI(a).
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Figure 30 -- A plot of observed decay half-time versus

inverse concentration of CCCP.
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Figure 31 -— The effects of 50 mM KI on the decay kinetics

of Tris-washed chloroplasts (pH = 8.0) (a), with 1 mM EDTA

(b), with 50 mM Ca2+ (c) and with 2 mM HAsc— (d) as

compared to 2 mM HAsc- alone (e). Time constant = 1 ms,

150 scans averaged.



138

I——ls—4

 

    

  

50mM KI 50mM KI

ImM EDTA

0) b)

a" '
dH

50mM K1 2

+

) 50mM Ca 2mM HAsc’

c

d)

  

 

e) 2mM HAsc'

 

FIGURE 31



139

It has been shown previously that I- is an electron donor

to PS 11 [121] and specifically to z? [89]. As the

experimental results show, the decay of IIf is not

dramatically enhanced by addition of 50 mM Ca2+ (Fig. 31c)

nor slowed by the addition of 1 mM EDTA (Fig. 31b). As

I- has been used as a chaotrope in photosynthetic systems

[25] we have added 2 mM HAsc‘ (pH = 8.0) (Fig. 31d) to a

suspension already 50 mM in 1‘ (Fig. 31a) and observe

essentially the same trace as in the presence of HAsc'

alone (Fig. 31e) demonstrating that I- does no irreversible

damage to the system in the concentration range used.  
Because the I2/I- couple is of a substantially higher

potential (E; = +.536 V) than the dehydroascorbate/ascorbic

acid couple (E; = +.058 V) [122], the results of Fig. 31

suggest that the I2/I- couple may not be capable of

maintaining AH in the reduced state (A.A and u.5). We

have, therefore, done preliminary experiments on the

potential dependence of the fast, endogenous donor to

2?, AH.

b. Potential Effects

Figure 32 is a collection of experimental traces

showing the effects of Ca2+ (a,b) and EDTA (c,d) on the

decay kinetics of Signal IIf at different redox potentials

(EM = +O.A80 V and +0.38O V, pH = 8.0). The poise was

maintained with a 10 mM Fe(CN)6—/Fe(CN)g- couple, titrated

with 0.1 M HAsc‘ (pH = 8.0) in STN. At +o.u8 v, addition

of 1 mM EDTA (Fig. 32c) gives a mono-phasic decay with an
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Figure 32 -- The effect of suspension potential (2 mM

HAsc', pH = 8.0) on the decay kinetics of Signal IIf

2+

with (a,b) 50 mM Ca and (c,d) 1 mM EDTA. Time constant

= 1 ms, 150 scans averaged.
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apparent rate constant of 0.7 s'l, a rate that correlates

fairly well with that observed for Signal IIf decay in

the absence of exogenous donors. In contrast, addition

2+

of Ca at this same potential (Fig. 32a) gives a bi-phasic

decay trace. About 30% of the signal decays with an

1
apparent rate constant of 11 s- and the remainder at about

1.6 s-l. The observation of bi-phasic decay kinetics was

2+

unexpected, as the addition of Ca at lower potentials,

such as with the donors HAsc- and DPC, leads to a rapid

and monotonic decay of the Z? radical. The same is true

at lower potentials with the Fe(CN)6-/Fe(CN)2- couple

(Fig. 32b) which demonstrates a single exponential decay

at a rate of about 16 3'1. The mixed kinetics at 0.A8 V

may be an indication of a mixed redox population, with

some fraction of the centers, determined by the poise of

the system, behaving as all of the centers do at lower

potentials.

At 0.38 V, the Fe(CN)g- concentration should be

2
roughly 10- M. From Table 1, this should give a decay

rate of 0.2M 3.1, whereas the observed rate is 1.2 5.1.

This discrepancy may be a reflection of the rate of

donation of AH- to Z? in the absence of an associated metal

2+, Mn2+) or CCCP. This would make k5 ~ 1 s_l.

These kinetics would predominate at Fe(CN)2- concentrations

cation (Ca

below about No mM (k5>>k as discussed above).
1

F.
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These data suggest the existence of a relatively

I

high potential donor (Em ~ U00 mV) to PS II in Tris-

washed chloroplasts and that its involvement in

the reduction of the photo-induced Zt radical depends

on the association of either Mn2+ or Ca2+ with the

reaction center. The system must also be poised at a

sufficiently low potential to maintain A in its reduced ““5
H

form, AH-. The same kinetics are seen in the presence

of low concentrations (uM) of the ADRY reagent, CCCP.

However, under these conditions, the re-reduction of AH

between flaShes is somehow facilitated. The divalent Ll
 

cations may serve a structural role in allowing the

endogenous donor to reduce Z1L efficiently or, they may

serve to alter the potential of the donor. A more

complete potential dependence study is planned to resolve

this question.

2. Oxidizing Conditions

Addition of the herbicide, DCMU, to chloroplast

suspensions significantly alters the electron transfer

processes of PS 11. DCMU blocks the electron transfer

from Q, the primary stable electron acceptor to B, the two

electron acceptor that links PS II to the plastoquinone

pool. This inhibition leads to a loss of photochemistry

after a single, saturating flash. The inhibition can be

relieved by maintaining a high redox potential in the

SYStem. This effect has been studied by a number of
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groups, using a variety of experimental techniques

[30-35]. The common explanation has been the proposal

of a high potential acceptor (E;:>400 mV) for PS II.

Babcock and Sauer [36] have studied the decay kinetics

of EPR Signal IIf under similar experimental conditions.

At low potentials (Em<=u00 mV) and under signal averaging

conditions, no Signal IIf was seen in Tris-washed, DCMU

inhibited chloroplasts. Upon increasing the potential,

an increase was seen in the amplitude of IIf. This

effect had a midpoint potential of about H80 mV at pH==8.0.

They reported a IIf decay half-time of about 300 ms and

showed that above 400 mV, this decay rate was largely

independent of the suspension potential.

We have extended these EPR experiments and the results

are shown in Fig. 33. The Mg2+ traces (Fig. 33b) show

decay half times at pH = 8.5 (280 ms) and pH 7.5

(270 ms) which correspond well to the decay half-time

measured by Babcock and Sauer at pH = 8.0 (300 ms), and

may reflect the rate of donation of A - to Z? in the
H

absence of Ca2+ or Mn2+ (k5 = 2 5'1). This is assuming

that donation to Z? in DCMU inhibited chloroplasts proceeds

via AH‘ This contention is strengthened by the traces

2+

in Fig. 33a and c which again show specific Ca and CCCP

2+

effects on IIf. Addition of 50 mM Ca or 8 uM CCCP

(with 50 mM Mg2+) leads to an almost three fold enhancement

in the decay rate over that observed with 50 mM Mg2+. At

corresponding pH values, the Ca2+ and CCCP decay half-times
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are very nearly the same. Again, by analogy, this suggests

that the donor to Z? is AH. The most striking effect of

pH occurs between the traces taken at pH = 6.5 and those

2+ 2+

, Mg and CCCP) thereat 5.5. In all three cases (Ca

is a decrease in the decay half-times, to rates approaching

those we have previously attributed to donation by the

endogenous donor.

The pH = 8.5 trace in Fig. 31c shows another interesting

erffect we have observed, the loss in Signal IIf amplitude

iri Tris—DCMU chloroplast suspensions of low ionic strength,

kuere, CCCP alone. This signal loss was also seen in EDTA

tireated samples and in samples that were 50 uM in Mn2+

(ciata.not shown). This can be interpreted in terms of

SLurface charge effects (Sections I and II). At low ionic

Stxrengths, the rapid equilibration of the potential of

rmembrane components with that imposed by the charged

Pexiox couple may be hampered by the membrane potential.

Trris surface potential would be lowered by inclusion of

SEilts in the reaction mixture permitting a more rapid

equilibration. Addition of 50 mM Mg2+ to the CCCP

SarTlple (Fig. 33c, pH = 7.5) does restore full signal

height.

Initial experiments have been carried out to determine

2+ or CCCP changes the potentialifthe addition of Ca

deDendence of the cyclic reaction (data now shown). These

cOmpared Ca2+ to EDTA treated chloroplasts and the results

Were ambiguous, most likely due to the relatively low



1A6

Figure 33 -- The effect of pH on the decay kinetics of

Signal IIf in Tris-washed chloroplasts with 100 uM DCMU,

10 mM Fe(CN)g- and (a) 50 mM Ca2+, 50 mM Mg2+ and (c)

8 uM CCCP and 50 mM Mg2+ (except where otherwise noted).

Time constant = 1 ms, 150 scans averaged.
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signal observed in the EDTA case, as explained above.

These experiments will be repeated, comparing Ca2+ to

2+ and Mg2+/CCCP samples. The Ca2+ titration didMs

appear to give a mid-point potential near U00 mV,

demonstrating the participation of a high potential

donor, at least in that case.

0. Discussion

The following model has been developed from the work

presented here to explain the kinetics on the oxidizing

side of Photosystem II in Tris-washed chloroplasts.

 

 

8% 3? KA

DCMU I

kr Z +4." S“

[3680 ‘/ Tris

The photo—induced charge separation, described by

the rate constant k0, occurs within picoseconds following

illumination. We have postulated that a membrane surface

charge asymmetry in the vicinity of PS II may stabilize

this forward reaction, over the charge recombination back

reaction, by an additional factor of two in dark adapted
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chloroplasts. This membrane field (Aws ~ 20 mV, 10 mM NaCl)

will be dissipated as the inner thylakoid volume acidifies

and the groups giving rise to the surface charge protonate.

The re-reduction of P680+, given by kr’ occurs in less

than a microsecond in untreated chloroplasts and with a pH

dependent half-time, ranging from 32 to l.A us, in Tris—

washed chloroplasts [124]. The P680+ reduction times for

Tris—washed chloroplasts correlate with data measuring the

rise time of Signal IIf following flash illumination [53].

indicating that Z,the species giving rise to the EPR

signal, is the primary electron donor to the reaction

center chlorophyll radical.

Tris-washing blocks electron transfer between Z and

the water oxidizing complex, Sn' This is reflected in

the increase of the Z? decay time from less than a ms in

oxygen evolving chloroplasts to half-times in excess of

l s. We have made a comprehensive study of the k donation
1

k

kinetics (AHZ+ + D ——l—+ AHZ + 0+) in Tris-washed chloro-

plasts (Section II). This rate varies with the nature of

6 -l -l

S .

the exogenous donor, D, and ranges from k 10 Ml)

for benzidine to k1 = 24 M.1 s-1 for ferrocyanide. Table l

is a summary of these results. We have also found that

in the case of negatively charged donors, the rate of the

reaction is mediated by the inner membrane surface potential.

We have recently observed a new decay pathway for

the Z? radical, represented here by the AH. These decay

kinetics are given by k2 ~ 35 s-1 and are seen when Mn2+
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or Ca2+ are associated with the reaction center. This is

described by the reaction:

k
- + 2

AH z M ————+ AH z M

whre M can be either Mn2+ or Ca2+. Their association

with the AH Z complex is given by the equilibrium reaction,

k
+ 6 + _

A Z + M *::::+ A Z M , KM - k6/k-6

H H

k-6

which is assumed to be rapid. When k2‘<k-6’ assuming that

k6 is fast, the decay of the state AH Z+ is given by:

-d[AH-Z+]

dt

 

v _ + v

- k [AH Z ] where k - k2KM[M]

Signal IIf decay should be exponential under these

conditions. This is observed with Ca2+. The equilibrium

constant in this case is 50 M-l.

Although the qualitative effects of Ca2+ and Mn2+

on the decay of IIf are similar, both introduce a rapid

(t%'~20 ms) decay phase, a different kinetic analysis is

required in the two cases. As shown above, the decay

of IIf, upon addition of Mn2+ (Figs. 26 and 27), is not

exponential, but a convolution of k1 and k2 kinetics.

This would be true if k21>k_6. Thus, the fast phase can

be titrated in. This implies a strong Mn2+ affinity site

1. The Mn2+associated with A such that k_6<=35 s-
H

Idata also indicate that Mn2+ does not donate directly to

P680+ as has been previously suggested.
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The effects of the ADRY reagent, CCCP, on the IIf

decay rates were also examined. The mechanism is

2+

analogous to that shown for Ca but the equilibrium

constant is much higher, A><10u M-l. This may, in large

measure, simply reflect the lipophilicity of CCCP as

compared to Ca2+.

The dark re-reduction time of AH by exogenous donors

has been inferred from flash frequency studies. It appears

to be fairly slow in the presence of 2 mM HAsc-

2 s—l) but appears to be faster upon addition(k3 ~7 x 10'

of 50 mM Ca2+, perhaps through a diminution of membrane

surface potential. CCCP appears to facilitate the dark

re-reduction of AH, as decay rates by the k2 pathway

were observed with CCCP in the absence of exogenous

donors, D. This suggests that CCCP may activate the ku

pathway in the absence of DCMU.

In DCMU inhibited, Tris-washed chloroplasts, cyclic

flow in PS II may occur by way of the AH pathway if the

redox potential is high enough to keep AH oxidized in

the dark. Under these conditions, we see fast decay

kinetics (comparable to the k2 rate) only at pH = 5.5

and in the presence of Ca2+ or CCCP. At pH = 6.5 and

above, we see comparable decay half-times for Ca2+ and

CCCP treated chloroplasts («v100nm) which do not vary

greatly with pH from 6.5 to 8.5. The half times for Mg2+

range from 280 ms at pH = 8.5 to 230 ms at pH = 6.5.
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These are in agreement with the original work done by

Babcock and Sauer [36]. At pH = 5.5, it decreases to

85 ms.

rate constant in
2

Tris-DCMU chloroplasts (pH = 5.5, 50 mM Ca2+ or

Because we can approach the k

8 uM CCCP/50 mM Mg2+), the longer half—times observed

at higher pH values may reflect the rate of electron

donation from Q- to AH(kA)' A donation time of <5 us

has been reported by Bowes et a1 [35] for the Q- ———r Q2,

DCMU insensitive reaction (Em7’~uoo mV) in non-Tris-washed

chloroplasts, which would not be rate limiting on our time

scale. Velthuys and Kok [3“] reported a similar donation

rate for their Q- -——+ C reaction, also DCMU insensitive.

These reports suggest that the re-reduction of AH (k3,

ku) in Tris-DCMU chloroplasts is probably not by Q-,

as indicated by our model, but by an additional intermedi-

ate in the PS II cycle. Repetition of these experiments

in which the time between illumination is varied may

reveal the existence of this slower, rate limiting

electron transfer reaction (tis = 300-100 ms).

Many other optical experiments are suggested by

the work presented here. Our experiments have not been

aimed at an identification of the molecular species

which corresponds to AH. It is interesting to speculate,

however, on the striking correlation between the proper-

ties of our donor, AH, and those of the enigmatic PS II

component, cytochrome b It has a mid-point potential

559'



153

at pH = 7.5 of about +370 mV, unusually high for a b-type

cytochrome. One explanation for this high potential is

that it is a consequenCe of a local positive environment

(Mn2+) near the heme [110]. Indeed, EDTA effects on its

photooxidation have been reported [112]. Addition of

low concentrations of CCCP lead to the photooxidation of

cyt b by PS II [12“]. Its mid-point potential is pH

559

independent from 6.0 to 8.0 but increases at 5.5 [125].

These similarities are tantalizing. The recent

observation that cyt b559 can be photooxidized by very

low light intensities, including the measuring beam in

spectrometers (personal communication, H.H. Robinson

and A.R. Crofts) may explain some of the ambiguities in

the cyt b559 literature and suggests that careful optical

measurements made under conditions under which we observe

the Z? decay pathway given by k2, may reveal a 20 ms

photooxidation of cyt b and tie it, at last, to a

559

pathway in PS II.
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