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SUMMARY

4- to more than 1o-fold acceleration of the Hill reaction (electron acceptor:
indophenol dyes, ferricyanide, FMN, efc.) by Cl~ is consistently observed over a wide
range of pH (5.7-8.3) when EDTA-uncoupled chloroplasts are used as experimental
material. Using such highly Cl=-sensitive chloroplasts the effect of CI~ was examined
on the photooxidation of reducing agents which are capable of donating electrons to
Photosystem II. No Cl~ effect is observed on the photooxidation of hydroxylamine (at
substrate level with indophenol dye as electron acceptor) or of ascorbate (FMN as
acceptor). These observations strongly suggest that Cl~ acts near the water-splitting
end of Photosystem II.

High concentrations of ammonia and methylamine, like low concentrations of
hydroxylamine, block water splitting on the oxidizing side of Photosystem II. Ap-
parently the unprotonated forms of simple amines act as a specific inhibitor at a point
near the site of Cl~ involvement.

Upon removal of Cl- the steady-state fluorescence yield of chloroplasts is
markedly and reversibly depressed. However, the addition of a substrate level of
hydroxylamine obliterates the Cl~ effect on fluorescence and the yield becomes higher
than in the presence of Cl~ alone. These observations are discussed in connection with
the site of C1- involvement and with the current model of the chloroplast fluorescence
quenching mechanism.

INTRODUCTION

The stimulatory effect of C1- on the Hill reaction was discovered by WARBURG
AND LUTTGENS! and confirmed by other investigators?:3. The site of CI~ involvement

Abbreviations: BDHB, #»-butyl-3,5-diiodo-4-hydroxybenzoate; CCCP, carbonyl cyanide
3-chlorophenylhydrazone; DCPI, phenolindo-2,6-dichlorophenol; DCMU, 3-(3,4-dichlorophenyl)-
1,1-dimethylurea; TCPI, o-chlorophenolindo-2,6-dichlorophenol; MES, 2-(N-morpholino) ethane-
sulfonic acid; TES, N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid.

* Research carried out at Brookhaven National Laboratory under the auspices of the U.S.
Atomic Energy Commission.
** On leave for summer from the Department of Biology, Queen’s University, Kingston, On-
tario, Canada, in which institution a portion of this work was conducted. Present address: Depart-
ment of Botany and Plant Pathology, Michigan State University, East Lansing, Mich. 48823, U.S.AL
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was later shown by BovE ef al. to be the segment of the electron transport chain near
Photosystem II8 but no further attempts were made to pinpoint the site. Recently,
Hixp ef al.b demonstrated a marked Cl~ effect in chloroplasts uncoupled by various
agents and confirmed that the Cl—is closely related to Photosystem II. Fluorescence
studies” further indicated a location for the ClI- action on the oxidizing (water-
splitting) side of Photosystem II.

Evidence is accumulating that various reducing compounds, such as ascor-
bate?®, phenylenediamine!®, and hydroxylamine!!, can donate electrons to the
oxidizing side of Photosystem II and thereby replace water as an electron donor.
These artificial donor systems offer a way to ascertain whether the site of Cl~ action
is nearer the step specifically involved in water splitting, or the photoact itself. The
primary purpose of this paper is to describe the results of such experiments.

METHODS

Chloroplasts

In most of the experiments chloroplasts were isolated from field-grown spinach
{Spinacia oleracea 1.) and were then uncoupled by EDTA treatment!2, Leaves were
homogenized in a Waring blender with a medium containing 0.2 M Na,SO, and 0.03 M
N-tris(hydroxymethyl)methyl-z-aminoethanesulfonic acid (TES)-NaOH buffer at
pH 7.4. The homogenate, filtered through cheese-cloth, was centrifuged at 2500 x g for
5 min. The sedimented chloroplasts were resuspended and washed once with a medium
containing 0.1 M sucrose and 5 mM TES-NaOH at pH 7.4, twice with 2 mM Tricine
and 0.5 mM Na-EDTA at pH 7.8 and finally with 0.1 M sucrose, 5 mM TES-NaQOH
and 5 mM MgSO, at pH 7.4. In a few cases (fluorescence experiments) pea leaves were
used as material, and the chloroplasts were isolated by the method described else-
where®.

Reagents

Tricine, TES and 2-(N-morpholino)ethane sulfonic acid (MES) buffers were
purchased from Calbiochem (Los Angeles). Indophenol dyes were purified by transfer
of the acid form of the dye into chloroform, extraction into dilute alkali and pre-
cipitation of the sodium salt with excess sodium acetate. Hydroxylamine sulfate was
recrystallized from an aqueous solution by adding excess ethanol at 0°. The pH of
hydroxylamine solutions was adjusted to the reaction pH with NaOH before use.

Assays

The reduction of ferricyanide and indophenol dyes was observed spectrophoto-
metrically by recording the absorbance changes at 420 nm and 620 nm, respectively,
during illumination. The actinic light used for ferricyanide reduction and ascorbate
photooxidation was a broad-band red light (approx. 600~700 nm) of 570 kergs-cm—2-
sec”! intensity, while for indophenol dye reduction a blue actinic light was used
(370-500 nm) with an intensity of 100 kergs-cm2-sec~1. Oxygen was assayed with
a Clark-type oxygen electrode. The reaction temperature was 20°.

The fluorescence of the chloroplasts was measured as previously described?
using a modulated exciting beam (270 Hz) of blue light (436 nm) and, where indicated,
a continuous blue actinic light (480-540 nm). In addition, in some experiments the
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exciting beam was used unmodulated and the resulting signal from the photomulti-
plier was amplified with a DC-amplifier. The reaction temperature was 14 .

RESULTS

Effect of Cl~ on the Hill reaction of EDTA-uncoupled chloroplasts

Previously a marked and consistent Cl~ effect (Rate ;c1-/Rate —c1-) on the Hill
reaction was observed only at alkaline pH {>7.5) even with chloroplasts intensively
washed in Cl~-free media248. Below this pH the Cl~ effect was, in most cases, near
enough to unity to cast some doubt on the interpretation that Cl~ is an essential
cofactor of photosynthetic electron transport. However, by using EDTA-uncoupled
chloroplasts a CI~ effect of greater than unity is demonstrable over a wide range
of pH (Fig. 1). With either indophenol dye or ferricyanide as electron acceptor, the
electron flow is increased 4- to more than 1o-fold by Cl- over a pH range of from
5.7 to 8.3. Only rarely did samples of EDTA-washed chloroplasts show a poor Cl—
effect (less than z) at lower pH and these were readily rendered highly Cl~ sensitive
upon exposing the chloroplast preparation to pH 8.1 for several minutes at room tem-
perature. Immediately after such treatment the pH was brought back to the optimal
pH for chloroplast storage, pH 7.2-7.4.

In normal (EDTA-untreated) chloroplasts a similar and prolonged treatment is
often crucial for obtaining a significant Cl~ effect even at pH § (ref. 6).

It appears that the EDTA treatment facilitates the release of internal CI~ (as
does alkaline pH (ref. 6)) presumably by making the thylakoid membrane more perme-
able. The use of EDTA-uncoupled chloroplasts also eliminates the need for addition
of uncouplers (or phosphorylating agents) to the reaction mixture in order to observe
the Cl— effect®. IFor these reasons the EDTA-washed spinach chloroplasts are employed
as material throughout the present work, except for a few instances where the chloro-
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Fig. 1. The pH dependence of the CI- effect. The buffers used were: pH 5.7-6.5, MES; pH 7-7.5,
TES; >pH 8, tricine. The reaction mixtures (z ml) contained: sucrose (0.1 M); buffer (25 mM):
MgSO, (3 mM); TCPI (25 uM) or potassium ferricyanide (400 uM); NaCl (if added, 5 mM): and
chloroplasts (30 ug chlorophyll). For other conditions, see METHODS.

Fig. 2. Effect of NH,OH concentration on TCPI photoreduction. Reaction conditions were es-
sentially the same as in Fig. 1 except for the addition of NH,OH (sulfate). Reaction pH 8.0. The
lack of O, production (or consumption by Mehler-type reaction) in the presence of excess (= 1 mM)
NH,OH was confirmed with a Clark O, electrode.
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plast type is specified. The effect of Cl~ is always examined by restoring NaCl (> 5 Mm)
to Cl—-depleted chloroplasts.

The lack of Cl~ effect on photooxidation of hydroxylamine

Hydroxylamine, a classical inhibitor of the Hill reaction!?, has recently been
found capable of donating electrons to Photosystem II and, apparently, of by-passing
its own inhibition site at high concentration!!. In the present study o-chlorophenol-
indo-2,6-dichlorophenol (TCPI) (or phenolindo-z,6-dichlorophenol (DCPI)) was suc-
cessfully used as an electron acceptor to follow the reaction quickly by photometry.
Ferricyanide cannot be used because its rate of reduction by hydroxylamine is too
rapid. The reaction rates were computed from the initial slopes of the recorder tracings.
Corrections were made for the rate of the dark (chemical) reduction of dye by hydr-
oxylamine, which was slow under the experimental conditions used (10-20 % of the net
photoreaction).

Fig. 2 represents the effect of increasing concentrations of hydroxylamine on
TCPI reduction. The Hill reaction in the presence of Cl~ is severely inhibited by low
concentrations of hydroxylamine (<C 1 mM). However, as the hydroxylamine concen-
tration increases, the rate of TCPI reduction sharply increases again, indicating the
commencement of electron flow from hydroxylamine to Photosystem I1. The involve-
ment of Photosystem II in this hydroxylamine-supported TCPI reduction is indicated
by the high sensitivity of the reaction to 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU). In the absence of Cl~ the low rates of the Hill reaction can be increased by
hydroxylamine (>35 mM) to the +Ci~ level. Hence, the hydroxylamine-supported
TCPI reduction is completely Cl- independent.

Fig. 3 illustrates the pH-activity profile for the hydroxylamine reaction, which
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Fig. 3. pH/activity profile of TCPI photoreduction with NH,OH as electron donor. Experimental
conditions were the same as in Fig. 1 except for the addition of NH,OH (25 mM).
Fig. 4. Effect of light intensity on DCPI reduction with water and NH,OH as electron donors.
Reaction conditions were the same as in Fig. 1, with NaCl (5 mM) and NH,OH (25 mM, sulfate
salt) where indicated. Light intensity was altered by means of calibrated screen filters. The highest
and lowest light intensities used in these experiments were 67 and 3.1 kergs:cm—2-sec-1, respec-
tively. For explanations, see text.
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is rather similar to that for the normal Hill reaction (see I1ig. 1). C1 has no effect at
anyv pH.

Previously it was shown that C1~ has a striking effect upon the dependence of
the Hill reaction on light intensity®. Fig. 4A shows that the quantum efficiency of
the Hill reaction of EDTA-washed chloroplasts also depends critically on the presence
or absence of CI~. Removal of C1- causes a very marked, reversible drop of quantum
efficiency of electron flow (intercepts on the abscissa) and also suppresses the rate-
limiting dark reaction or maximum rate (intercepts on the ordinate). In short, the
two lines in Iig. 4A are nearly parallel and the Cl- effect is practically independent of
light intensity (if the rates are expressed in relative units with both maxima equal
to 1). This situation was already suggested by the data of GORHAM AND CLENDEN-
NING? The effect on the limiting dark reaction was not readily observed in experiments
reported earlier®, performed with preparations less completely deficient in C1-.

If water is replaced by the artificial electron donor hydroxylamine, the quantum
efficiency of electron flow with or without added CI- remains at the same level as
(or at a level slightly higher than) that of the normal Hill reaction with Cl— added
(Fig. 4B). However, the maximum rate declines somewhat. These observations will
be discussed in the final section.

The lack of Cl— effect on ascorbate photooxidation

It is known that ascorbate added alone to chloroplasts also undergoes a DCMU-
sensitive photooxidation®?. In our experiments FMN was used as the electron ac-
ceptor and the electron flow measured as the reoxidation of reduced FMN (O, uptake).
In Table I the results are compared for EDTA-treated chloroplasts and for chloro-
plasts in which the mechanism of water oxidation was destroyed. Selective destruction
of the O, evolution system was achieved by ageing the chloroplasts in an alkaline

TABLE 1
THE LACK OF Cl~ EFFECT ON PHOTOSYSTEM II-DEPENDENT OXIDATION OF ASCORBATE (FMN as
ELECTRON ACCEPTOR)

Reactions were assayed with a Clark oxygen electrode as O, consumption resulting from the re-
oxidation of reduced FMN. The H,O, trap was found to be unnecessary because of the insignifi-
cant catalase activity of the chloroplast preparations used. The reaction kinetics were lincar for
at least go sec. The reaction mixtures (4 ml) contained: sucrose (0.1 M); TES buffer (30 mM at
pH 7.0); MgSO, (3 mM); FMN (100 uM); chloroplasts (100 ug chlorophyll) and where added:
sodium ascorbate (10 mM); NaCl (5 mM); DCMU (o.5 uM)

Electron donor Rate of Oyuptake (uequiv/h-mg chlovophyll)

Novrmal chlovoplasts Aged chlovoplasts™
—Cl~ +Cl= (4Cl-[Cl) —Ci~  +Cl= (+CI~}]—CIl7)
A. H,O (Hill reaction) 33 370 (11.2) 5 44 (8.8)
B. H,O + ascorbate 215 530 (2.5) 203 265 (1.3)
C. Ascorbate (net)*™, (B — A) 182 160 (0.9) 198 221 (r.m)
D. H,O - ascorbate + DCMU 23 45 - 25 37 —

* For ageing treatment, see text. o A '
** The computation is based on the assumption that water oxidation (Hill reaction) con-

tinues unchanged in the presence of ascorbate.
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medium for 30 min at room temperature!®: *. The lack of a Cl- effect on the ascorbate
photooxidation is quite evident in EDTA-treated chloroplasts and even more striking
in the aged chloroplasts. The last line of Table I confirms that this ascorbate photo-
oxidation is highly DCMU sensitive, thus ruling out the possibility that the ascorbate
may donate electrons to some component between Photosystems I and II.

Inhibitors of water oxidation

The ability of hydroxylamine to donate electrons around the Cl--deficient block
suggested the use of this donor system in screening for other possible inhibitors of
the water-splitting mechanism. Table I1 shows that most of the compounds tested
appeared to act in a DCMU-like fashion, inhibiting regardless of the electron source.

TABLE 1I

COMPARISON OF THE EFFECT OF VARIOUS COMPOUNDS ON TCPI PHOTOREDUCTION WITH WATER
(HiLL REAcTION) AND WITH NH,OH As ELECTRON DONORS

The results shown in this table are a summary of several sets of experiments with different chloro-

plast preparations. In the runs for ammonium chloride and methylamine the same batch of chloro-

plasts was used. The reaction mixtures (pH 7.5, unless otherwise noted) contained 5 mM NaCl.

The concentration of hydroxylamine (sulfate) as electron donor was 25 mM. For experimental

conditions, see Fig. 1.

Compound Concn. (M) Inhibition of TCPI
reduction (%)

H,0 as NH,0H as

donor donor

DCMU 2.5-1077 93 82
o-Phenanthroline 4-107% 88 80
n-Butyl-3,5-diiodo-4-hydroxy-

benzoate (BDBH) 51078 92 90
Usnic acid 2.5-1075 89 81
CcCcCp 1-1074 88 87
Pentachlorophenol 1-1074 90 97
Dicumarol 5-1074 90 93
NH,OH- 1,H,S0, 1-1073 76 (o)
NH,( 3.4+ 1072 41 3
NH,CI (pH 8.3) 3.4+ 1072 87 2
CH3;NH,Cl 1.5-1071 [ g
CH ;NH,CI (pH 8.3) 1.5-1071 70 o

Ammonia and methylamine at high concentrations, however, inhibited the oxidation
of water but not of hydroxylamine. Marked pH dependence of the amine inhibition
suggested that the unprotonated base was the form responsible for inhibition (as for
phosphorylation uncoupling), in confirmation of an earlier report?s. In Table III it is
shown that the DCMU-sensitive ascorbate photooxidation is nearly completely re-
sistant to 1 mM hydroxylamine which is sufficient to block water splitting by 80 9.
Thus, ascorbate and hydroxylamine must donate electrons at very nearly the same
site on the oxidizing side of Photosystem II, since both reaction systems are DCMU

* The medium contained 0.03 M tricine and 3 mM MgSO, at pH 8.3. After the ageing treat-
ment the chloroplasts were transferred to a pH 7.2 medium (see METHODS) for storage.
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sensitive, hvdroxylamine insensitive, resistant to mild ageing treatment, and ]
independent.

TABLE 111

THE LACK OF HYDROXYLAMINE INHIBITION OF ASCORBATE PHOTOOXIDATION (IFMN As ELECTRON
ACCEPTOR)

The method of assay and experimental conditions were the same as in Table 1. NaCl (53 mM) was
added to the normal (EDTA-treated) spinach chloroplasts to restore Hill reaction activity but not
to the aged chloroplasts (to minimize water oxidation). The concentration of NH,OH (sulfate)
was 1 mM. )

Electron donor Rate of Oy uptake (uequivih-mg chlovophyll)
Normal chlompl;sts - :‘Iigeérc}rﬂomplc’;sts'

Control +NH,0H [nhibition Control - NHZ(}H Tnhibition

(%) (°5)
A. H,O (Hill reaction) 372 75 (30) 12 22t -
B. H,O + ascorbate 615 284 (54) 170 195 (-11)
C. Ascorbate (net)™”,
(B — A) 243 204 (16} 164 173 (-35)

* The apparent lack of hydroxylamine inhibition of the residual Hill reaction is probably due
to a masking of inhibition by a small contribution of electrons from the hydroxylamine added.
** The computations are based on the assumption that water oxidation continues unchanged in

the presence of ascorbate.

Effect of hydroxylamine (as an electron donor) on chloroplast fluorescence

It is clear that replacement of water with an artificial electron donor (hydroxyl-
amine or ascorbate) obliterates the Cl~ requirement of electron flow. This section
describes the effect of hydroxylamine on the fluorescence of chloroplasts. It should be
emphasized that hydroxylamine is here used at a high concentration as an electron
donor to Photosystem 11, the effect of low concentrations of hydroxylamine on fluo-
rescence being already knownl!é.

The most striking of adding hydroxylamine to a chloroplast suspension is an
increase in fluorescence!®. Iig. 5 shows the dependence of the chloroplast fluorescence
at 684 nm (4 5 nm) upon the exciting light intensity. The control curve has a non-zero
intercept with the intensity axis™!7. This non-zero intercept is shifted towards zero in
the presence of hydroxylamine. The fluorescence yield (F/I) at the higher intensities
of light is increased by hydroxylamine nearly 13 % over that of the control. The emis-
sion spectrum of the fluorescence of chloroplasts is almost unchanged by the addition
of hydroxylamine, although there is apparently a small shift of the 684-nm peak to
a lower wavelength (1-1.5 nm).

The excess fluorescence vield (¢), defined as in HEATH AND HIxD7, is related to
the actinic light intensity, as shown in Fig. 6. The plot shows that the maximum
fluorescence yield (intercept on the ¢ axis) is increased by Cl~ as previously noted®.
When hydroxylamine is added to the chloroplasts, the maximum yield increases
dramatically. Furthermore, the presence or absence of C1~ does not alter this high
vield. The quantum efficiency (@, = inverse slope of the curves in Fig. 6) of the fluo-
rescence vield is higher (4 cm?-sec-kerg™!) with hydroxylamine than with either - -C1~
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(0.56 cm2-sec-kerg™!) or +CI~ alone (1.0 cm?*-sec-kerg™). In the presence of hydro-
xylamine, the absence of Cl~ does not affect the quantum efficiency.

Fluorescence kinetics, such as shown in Fig. 7, can be arbitrarily divided into
three phases (I, IT, III)”. The kinetics of the Phase III fluorescence rise seems to
indicate the difference between electron transport rates through Photosystem I and
II*. Fig. 7 demonstrates the lower rate of the Phase ITI increase and lower steady-state
level of fluorescence in the absence of Cl- compared with chloroplasts with added
Cl-, as previously noted”. The addition of hydroxylamine substantially overcomes the
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Fig. 5. Fluorescence of chloroplasts in the presence of excess NH,OH. Pea chloroplasts (Cl—
deficient, EDTA untreated; chlorophyll, 40 ug) were incubated in a medium (2 ml) containing:
sucrose (0.2 M); tricine buffer (30 mM at pH 8.4); Na,50, (30 mM); MgSO, (5 mM) at 12°; and
where indicated, NH,OH (as sulfate), 60 mM. Intensity of light (435 4 10 nm), 1 kerg-cm—2-sec™!
= 1.00 unit (modulated at 270 Hz).

Fig. 6. Dependence of fluorescence yield upon light intensity in the presence of excess NH,OH.
For experimental conditions, see Fig. 5. Intensity of actinic light (510 4- 40 nm), 5 kergs-cm—2-sec™!
at ¢/I = 1.00. Intensity of measuring light (435 nm), 40 ergs:-cm—2-sec™1. ¢ = ¢r (total fluores-
cenceyield) — ¢, (yield from measuring light) with ¢r = 1.00.

T T T T T T
+CH+NH,0H
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TIME {sec)

Fig. 7. Initial kinetics of fluorescence in the presence of CI- and NH,OH. EDTA-treated spinach
chloroplasts (40 ug chlorophyll) were suspended in a medium (2 ml) containing: sucrose (0.1 M),
TES buffer (15 mM at pH 7.4); Na,SO, (25 mM); MgSO, (5 mM); and where indicated, NaCl
(romM); NH,OH (50 mM). Light intensity (435 4+ 1onm), 200 ergs-cm=~2:sec~! (nonmodulated).
The fluorescence rise curve is divided into phases (I, II and 1II) as previously defined?.
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TABLE IV
EFFECT OF Cl7axp NH,OH ON THE KINETICS OF FLUORESCENCE

ILIYTA-treated spinach chloroplasts (40 pg chlorophyll) were suspended in a medium (2 mi) con-
taining: sucrose (0.1 M); TES buffer (15 mM at pH 7.4); Na,SO, (25 mM); MgSO, (53 mM). Where
indicated NH,OH (sulfate) (50 mM); NaCl (1o mM); DCMU (10 mM); Na,5,0, (several crystals).
Light intensity (436 { 10 nm}, 260 crgs-cm—2-sec ! (non modulated). Phases (I, 11, 11h defined
in Fig. 7 (see also ref. 7).

Condition Flyorescence level (velative) Initial rate of fluorescence rise
Phase | Steady state (velative wunits|scc)
Normal FDCMU  +— Na,5,0, Phasell Phase []i Pl?asp i1
—DCMU
+(;l* 21.0 53 87 1oz 0.90 2.45 26.0
+Cl-, +NH,OH 21.0 67 99 105 0.85 6.30 30.5
—CI~ 21.0 35 82 104 0.55 0.40 10.4
—CI-, +NH,OH 20.5 77 97 115 0.30 7.20 209.0

Cl~ deficiency and gives a higher rate of Phase 111 increase and a higher steady-state
fluorescence. The same effect is seen if hydroxylamine is added after 30 sec of illumi-
nation.

Table IV tabulates both the steady-state fluoresescence and the rates of the
various phases of the fluorescence rise. It is important to note that both the initial
level of fluorescence (Phase I, Fig. 7) and the maximum fluorescence level obtained
with added hydrosulfite!® are the same for all conditions employed. With added
hydroxylamine the steady-state fluorescence level is raised for both the + Cl— and
—Cl~ cases, and the rates of the Phase IIT fluorescence rise are increased. Only the
Phase II rate is practically unaffected by hydroxylamine; however, the Phase II rate
is difficult to determine accurately. Hydroxylamine also increases the steady-state
level and the rate of rise of fluorescence of chloroplasts in which electron flow into
Photosystem I is blocked by DCMU.

DISCUSSION

The present status of our knowledge concerning the effect of ClI~ on the photo-
synthetic electron transport chain may be summarized as follows: (1) The Hill reac-
tion, regardless of the electron acceptors used (quinone, NADPT, FMN, ferricyanide,
indophenol dye, efc.) requires Cl~ (refs. 1-4, 6). (2) Electron transport mediated by
Photosystem I (as observed for DCMU-insensitive cyclic photophosphorylation and
TCPIH, photooxidation) does not require Cl~ (refs. 4,6). (3) The modified Hill reaction
in which artificial electron donors (hydroxylamine and ascorbate) are substituted for
water does not require Cl= (¢f. RESULTS).

The site of Cl~ involvement seems to be on the oxidizing side of Photosystem I1
as suggested by previous fluorescence studies which showed that Cl™ removal results
in a reversible decrease in steady-state fluorescence yield in illuminated chloroplasts.
Tris-washing of chloroplasts!®, and removal of manganese from chloroplasts!® also
result in a decreased fluorescence yield. Hydroxylamine inhibition, however, does not
change the fluorescence yield's. The fluorescence decline caused by the blocking of
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electron transfer on the water side of Photosystem II or a speeding of electron transfer
to Photosystem I (e.g., by methyl viologen) is to be contrasted with the fluorescence
rise resulting from a blocking of electron transfer (e.g., by DCMU) on the reducing
side of Photosystem 1120, These changes in fluorescence can be best explained in terms
of the reduction/oxidation poise of a quenching compound (Q), which is the primary
electron acceptor from Photoact II'8:20. A suppressed supply of electrons from water
to the quencher will allow Q to become oxidized by Photosystem I and the fluorescence
to fall. A block of the pathway into Photosystem I will allow Q to become reduced and
the fluorescence to rise.

HeatH aAND HIND? have interpreted the dependence on light intensity of the
effect of C1- on fluorescence as indicating that there may be a cycle through which the
reduced Q is reoxidized by an oxidant (Y) produced on the water side of Photosystem
I1. Removal of Cl~ from chloroplasts is assumed to activate this cycle (e.g., by causing
the oxidant to accumulate). The observed decrease of quantum efficiency of electron
flow (Hill reaction) upon Cl~ removal could also be explained by the same mechanism
(Fig. 4A and ref. 6). That is, at low light intensities the cycle, stimulated by Cl—
removal, may operate fast enough, even in the presence of an electron acceptor, to
carry electrons around the photoact, resulting in a net loss of electrons (per absorbed
quantum) available for the acceptor. This would mean a drop in the quantum effi-
ciency of (measurable) electron flow. If, however, substrate level hydroxylamine is
added to Cl—-depleted chloroplasts, the cycle should collapse since the key oxidant is
now reduced. Enough electrons would be provided by Photosystem II to keep Q
largely reduced and hence the fluorescence yield would increase. Chloroplasts under
such conditions would be expected to photoreduce electron acceptors quite effi-
ciently —possibly even with a slightly better quantum efficiency than in normal Hill
reactions {(c¢f. Fig. 4B). A similar recovery of fluorescence yield was observed by
YaMASHITA AND BUTLER! when they added an ascorbate-phenylenediamine couple
to “‘Tris-washed” chloroplasts and by HoMANN' when he added hydroxylamine or
Mn2+ to Mn-deficient chloroplasts. The large increase observed in the fluorescence
quantum efficiency (@e) with added hydroxylamine may also be related to a decline
in the back (or cyclic) reaction (Fig. 6 and ref. 7).

KaTtoH AND SaN PIETRO? reported that ascorbate photooxidation in Euglena
chloroplasts with NADP as the Hill acceptor is sensitive to DCMU, triazines, o-phe-
nanthroline, carbonyl cyanide 3-chlorophenylhydrazone (CCCP), and significantly,
to hydroxylamine. Their last observation implies that either ascorbate donates
electrons to the chain between hydroxylamine inhibition and water splitting, or
hydroxylamine causes an inhibition at another site in their system (NADP reductase?)
and, therefore, lowers the rate. In our system utilizing dye, it is quite clear that
neither hydroxylamine nor ascorbate electron donations are sensitive to hydroxyl-
amine (Table III).

The mechanism of the cofactor action of Cl~ in water oxidation is still open to
question, as is the mechanism of water splitting itself. However, an interesting fact
has emerged from the present study; namely, that the reaction step involving Cl— falls
close to the site of hydroxylamine inhibition. Like CI~ removal, hydroxylamine affects
only the reaction steps involving water oxidation. It does not inhibit either ascorbate
or hydroxylamine photooxidation. Further, ammonia and methylamine act as in-
hibitors much like hydroxylamine. The experimental results, thus far, seem to be most
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consistent with the scheme of electron transport in Photosystem 11 as presented in
FFig. 8. There are two major sites of electron transport inhibition (DCMU-like and
-—Cl=-like) which can be easily differentiated by fluorescence kinetics”. The two donors
(ascorbate and hydroxylamine) add electrons to the chain between the - Cl~ block
and the photoact. The need of a by-pass, a cycle, seems to be required from fluo-
rescence and from light-intensity studies to explain changes in quantum efficiency

(Fig. 4).

ascorbate

0, NH.OH
[ a-
| I
1 : . Lv . ~p ~ 0 : : clectron
1,O ‘v Y hotosystem TI (2 '\ acceptors
NH.OH DCMU
NH;

Fig. 8. Diagram showing the relative positions of sites of Cl~ involvement, hydroxylamine in-
hibition, DCMU inhibition, and of intervention of artificial electron donors.

Further work is in progress on the identification of Y and the elucidation of
the components of the by-pass. In addition, the question of whether the sites of —C1~
inhibition and ammonia inhibition are the same needs to be answered.
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