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ABSTRACT:. The CI binding properties in the successive oxidation states of thevOlving complex of
photosystem Il were investigated by measurements of UV absorbance changes, induced by a series of
saturating flashes, that monitor manganese oxidation state transitions. In dark-adapted, intact photosystem
II, Cl~ can be replaced by NOin minutes, in an exchange reaction that depends on the Bahcentration

and that is not rate-limited by dissociation of Gtom its binding site. Preillumination of dark-adapted
photosystem Il by one or two flashes accelerated thg NDbstitution reaction by an order of magnitude.

A quantitative analysis of the Clconcentration dependence of UV absorbance changes, measured in
photosystem Il preparations depleted of extrinsic 17 and 23 kDa polypeptides, shows thathivelidig
properties of photosystem Il change with the oxidation state of the oxygen evolving complex. Although
the affinity for the individual S-states could not be determined with precision, it is shown that the affinity

is an order of magnitude lower in the State than in the ;Sstate. Comparison of the results obtained
using intact photosystem Il and preparations depleted of the 17 and 23 kDa extrinsic polypeptides suggests
that these proteins constitute a diffusion barrier, which prevents fast equilibration of then@ing site

with the medium, but does not change the @ffinity of the binding site.

Photosystem Il (PSH)is a multisubunit, membrane-bound may involve MA' to Mn'"" and $—S; Mn"' to Mn", but
enzyme system that couples light absorption to the oxidation these assignments are more controversial, although an absorp-
of H,O and the reduction of plastoquinone. ThgeDolving tion increase in the UV region as well as a shift to higher
reaction involves a number of components that are col- energy of the Mn K-edge in X-ray absorption strongly impli-
lectively called the @evolving complex (OEC). Suspended  cates Mn involvement in these S-state transitions &skee
in a framework comprised of both intrinsic and extrinsic a detailed discussion). Light-induced charge separation by
polypeptides, the active site of the complex is associated with PS|I in the $ state, as in the lower oxidation states, causes
a cluster of four Mn atoms along with one atom each of a transient oxidation of ¥ (1), the tyrosine residue that acts
C&" and of CI (1-3). The structure of the complex is  as the secondary electron donor in PSII. In thet&te, how-
unknown, but EPR and X-ray absorption studid} lfave ever, this is followed in a few milliseconds by simultaneous
led to detailed proposals for the structure of the Mn cluster reduction, by HO, both of the tyrosine and of;$0 S,.

and its ligand environmend]. The Mn is involved in the Calcium and chloride are essential cofactors fere@o-
stepwise accumulation of oxidizing equivalents, which raise lution. Although the Ct requirement for photosynthetic,O
the oxidation state of the complex in terms of the Kok model , ution has been studied intensiv 8-(L1), the binding
(G%Trﬁ Th S’I\;O > | In dar kness, thedstyséen:”r e:ﬁxle\j E—Rgs site for this cofactor has not yet been identified with certainty
which the Mn valency is proposed to be I, lll, IV, N5( and its role in HO oxidation is unknown. Several observa-

- - ) . |
3' lVThe_J% i 2 trtar:sm(én has beertl 'dem'f'e%fs a “im tions suggest that Clbinds in the vicinity of the Mn cluster.
n™ oxidation state advancement (revieweddjn 55, Removal of the halide results in a change in the magnetic
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were consistent with one Mn-associated halide ligand. the halide must be susceptible to rapid exchange in the
Similarly, small Mn EXAFS changes upon inhibition by F  presence of extrinsic polypeptides. A further complication
were interpreted as being consistent withi#nding to Mn is that release of Clitself, without removal of the polypep-
(20). However, these changes upon halide substitution aretides, has been reported to change the properties of the
too subtle to provide strong evidence concerning the identity binding site to lower affinity (0.5 mM) and fast exchange
of the CI binding site. Recently, Force et ak1) deter- (<15 s) @7).
mined by pulsed EPR measurements that acetate bound to To further explore and clarify some of these unresolved
the OEC is in close (ca. 3.5 A) proximity tozY Since issues that relate to Claffinity and exchange dynamics in
acetate displaces Clby a competitive mechanism, these PSII, we have carried out measurements of the kinetics of
authors concluded that Cinust be located in close proximity UV absorbance changes induced in intact and polypeptide-
to both Yz and the PSII Mn cluster. If Clis ligated to Mn, depleted PSII membranes by illumination with a series of
one would expect the Clbinding affinity to depend on the  saturating flashes. In intact PSII, the substitution of;NO
oxidation state of the metal, although it is not immediately for CI~ was studied making use of the observation by Sinclair
obvious in which direction; the affinity might increase due (32), confirmed and extended here, that NGubstitution
to larger ligand field stabilization energy associated with specifically retards the 55-S, transition. In polypeptide-
higher oxidation states of manganese or, alternatively, depleted PSII, the CI concentration dependence of the
decrease due to increasing hardness of high-valen2@n ( kinetics of the S-state cycle was investigated. The results
Unfortunately most of the methods utilized to investigate indicate that Ct exchange at the binding site itself takes
the role of Ct in activating the OEC do not provide a means place in seconds, and appears to be much slower in intact
by which to carry out measurements as a function of S-state,PSIl because the extrinsic proteins constitute a diffusion
mainly because of the short lifetimes of thegghd S states. barrier shielding the site from the external medium. The
There is only one report in which Claffinity has been ClI~ affinity is shown to depend on S-state and pH, but not
monitored as a function of S-state, €|~ NMR study by on the presence of extrinsic proteins.
Preston and Pac@y). Photosystem Il preparations which
did not retain the extrinsic 17 and 23 kDa polypeptides were MATERIALS AND METHODS
found to bind Ct in the S and S states with an affinity Photosystem Il membrane fragments were prepared from
comparable to that observed for activation gféolution, spinach as described by Berthold et &I3)(with modifica-
while no such binding was found in the lower S-states. Also, tions @34), and stored at 77 K in buffer containing 20 mM
the lower S-states do not appear to require fof activity: MES, pH 6.0, and 0.4 M sucrose at-8 mg of Chl/mL.
using PSIl membranes from which the 17 and 23 extrinsic CI-/NO;~ exchange was probed at pH 6.0 using these intact
polypeptides were dissociated by high pH/sulfate treatment, PSIl membrane fragments, diluted to 0.2 mg of Chl/mL in
we have shown by UV absorbance difference spectroscopy0.4 mM sucrose and 25 mM MES. Dissociation of @hd
that both the oxidation of S0 S; and that of $to § + O, the 17 and 23 kDa extrinsic polypeptides was achieved by
require the presence of Clwhile the oxidation of $to §; incubating intact PSIl membranes for 15 min in a buffer
and that of $to S, do not (L4). However, this result does containing 50 mM Hepes, pH 7.5, 50 mM )0y, and 0.3
not exclude the possibility that Clis in fact bound in the M sucrose. The incubation was carried out in the dark at 0
lower S states. ThéCl~ NMR result could also be ex- °C at a Chl concentration of 0.2 mg/mL. These samples
plained by a high Cl affinity accompanied by slow exchange were probed by UV spectroscopy immediately after incuba-
of the halide in the lower S-states, because exchange slowetion. For measurements at pH 6.0 (Table 1), incubation was
than a few milliseconds would be undetectable by NMR. followed by centrifugation; the pellet was resuspended at
Such an interpretation would reconcile the NMR data with pH 6.0 in a buffer containing 25 mM MES and 0.4 M

the findings of Lindberg et al.3), who determined &4 sucrose. For all types of measurements, @ NO;~ were
(dissociation constant) of 20M and a dissociation time of  added as Na salts.
1 h for CI, using intact, dark-adapted (low S-state) PSIl  Flash-induced absorbance difference measurements were

membranes. On the other hand, this result is highly carried out at room temperature in a single-beam apparatus
dependent on the integrity of photosystem Il. Removal of described previously36). The optical path length was 1.2
the extrinsic 17 and 23 kDa polypeptides abolishes the high-mm. Saturating excitation flashes were generated by a Nd:
affinity, slowly exchanging Cl binding behavior of $(3). YAG laser (532 nm, half-width 6 ns); flash repetition rates
Results from earlier studies are consistent with this finding. are given in the figure legends. The S-state advances were
Polypeptide-depleted PSII membranes require high concen-probed at 295 nm, where absorbance changes due to the
trations of added Clfor maximum activity 24, 29, and acceptor side of PSII are minimal. The artificial electron
the CI" binding site appears to be rapidly accessible to acceptors DCBQ and ferricyanide (final concentrations: 50
anions, consistent with the finding that polypeptide depletion and 100uM, respectively) were added to avoid limitations
of the OEC renders it more accessible int8 reducing from the PSII acceptor side. Steady-state rates ef O
agents that attack Mn and destroy activig). evolution were assayed with a Clark electrode af@Qin

If CI~ exchange in the Sstate is limited by te 1 hrelease  the presence of 2.5 mM ferricyanide and 0.4 mM DCBQ at
time reported by Lindberg et al3( 27), then other data  a Chl concentration of 2g/mL. For these measurements,
obtained with intact PSIl preparations must be taken to the Cl-depletion procedure was shortened to 1 min; this
suggest that the rate of Céxchange with the OEC depends time was sufficient to completely block@volution. The
on turnovers of the S-states. Many évolution studies of  residual CI contamination of buffers was determined as
the competition between Cland substituting anionsl{, described by Lindberg et al3 and was routinely found to
28—30) or amines 81) suggest that in one or more S-states be in a range of 2640 uM.
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For the computer simulations of S-state turnover according
to the Kok model §), parameter values were optimized to
fit the measured absorbance changes by minimizing the mean pH 6.0 pH 7.5
square difference between fit and data, using the NAG

Library routine EO4JAF. Data used for the fitting procedure ; 2
consisted of ‘stable’ absorbance changes, measured 40 mg ClI™ e 3
after the flash, but some data on the millisecond transient 20 ms

reflecting S—S, were included to fix the phase of the S-state "

cycle. If this is not done, the phase cannot be determined :
since no assumptions are made about the initial S-state
distribution or the relative extinction coefficients of the j
successive S-state transitions. On the basis of our previous|  no;
study (L4), it was assumed in the simulations that a charge
separation in a Ctdeficient PSlI reaction center in®r S
does not advance the S-state but oxidizesald decays by
charge recombination (to 65% at 40 ms after the flash, as
determined from the measurements without')Cl The FiGUREe 1: Effects of Ct or NO;~ on absorbance changes at 295
probability that Ct is bound to its site at the moment of the nm induced by the third saturating flash in dark-adapted PSII
flash was calculated explicitly from the Ckoncentration membrane fragments. Left traces: intact PSIl at pH 6.0, incubated
in the medium using the on (second order) and off (first for 1 h in thepresence of 30 mM Cl (upper trace) or 30 mM

. o NOs~ (lower trace). Right traces: PSII CHepleted by pH 7.5/50
order) rate constants, andks obtained from the equilib- mM3 8(042* treatmt)ant gnd reactivated by agdition o% %O mM- ClI

rium constant of dissociatioKq (=koii/kon), and the time  (ypper trace) or 50 mM N© (lower trace). The spacing between
constant of dissociationy (=1/ks). Kg and g were fit flashes was 1 s.

parameters. Additional fit parameters used were the prob-
ability of misses (S-state- and Gindependent) and of S-state
advance between the flashes due to the measuring light.
Double hits were not allowed, on account of the short flashes
used. The lifetimes of the,J+CIl~) and S states were
determined in separate experiments. Data from the first flash
were disregarded in the fitting routine to avoid complications
from nonoscillating absorbance changes due to inactive
centers 86). All measurements simulated simultaneously
in Figure 8 differ only in preillumination and Claddition,

not in the value of any adjustable parameter.

RESULTS

Cl~ Exchange Dynamics in Intact PSIUsing the method 0 20 40 60 80 100 120
of Bouges-Bocquet3({7) to determine the rate-limiting step
for each S-state transition from ,Qyields under flash
illumination, Sinclair 82) showed that Ng substitution for ~ FIGURE 2: Kinetics of CI replacement by N¢ in dark-adapted,

— . oo o intact PSIl membrane fragments at pH 6.0. ThesNEncentrations
CI~ in thylakoids specifically retarded the-SS, transition. shown are 5 (triangles), 10 (crosses). and 30 mM (circles),

The kinetics of this transition can be directly monitored by respectively. The relative amplitudes of the slow component in the
the absorbance at 295 nm on illumination of dark-adapted biexponential fit of the $—>S, kinetics, measured as in Figure 1,
PSII by three saturating flashes. Stable absorption increasegvith fixed time constants of 2.15 ms (Gland 6.80 ms (N@)
due to the oxidation of the complex up to thesBate appear are plotted. The fltsishown are biexponential with both rate constants
. . ... proportional to [NQ™], corresponding to second-order rate constants
on the first two flashe_s, vv_hereas the third flash, after_ an initial ¢ 25 5 10-1 M- & and 4.4x 102 M-t s-L. The spacing
increase due to Y oxidation (as well as 5S; transitions between flashes was 100 ms.
in those centers that were still in &fter the second flash),
is followed by simultaneous reduction ofsYand the Mn in intact PSII (without sulfate treatment), so they are due
cluster. This causes a large absorbance decrease with a timenly to the increased pH, not to removal of Gind poly-
constant of a few milliseconds and an amplitude proportional peptide depletion (not shown).
to the Q yield (38). Figure 1 shows that the absorbance = The NG~ effect on the $—~ kinetics was exploited to
decrease on the third flash was slowed by a factor of 3 whendetermine the extent of substitution of Ridor ClI~ in intact
NO;~ replaced Ct in both intact (left traces, measured after PSIl membranes at pH 6.0. This was accomplished using a
1 h incubation with the anion) and polypeptide/&epleted biexponential fit of the kinetics of the absorbance decrease
PSII membrane fragments (right traces, measured afterafter the third flash, keeping the two time constants fixed at
addition of 50 mM Ct or NO;™). In the latter preparation,  the values observed with C(2.15 ms) and after complete
no such absorbance decrease was seen when neitheoiCl  substitution by N@ (6.80 ms), respectively. Figure 2 shows
NO;~ was addedX4), demonstrating that the slower NO the extent of substitution as a function of incubation time
kinetics are due to PSII centers in which the anion has after addition of 5, 10, or 30 mM N to intact, dark-
replaced Cl. The slower pH 7.5 kinetics and their somewhat adapted PSll in Ckfree medium. In about 14% of reaction
biphasic appearance, as compared to pH 6.0, are also seecenters, the exchange was very fast at all;N€oncentra-

Rel. amplitude of slow decay

Time (min)
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tions shown, and was not resolved in our measurements.
Since this percentage is independent of;N€oncentration,

it is possible that these PSII centers are in a different, “open”
conformation and do not bind Ctightly. Such change in
the properties of the Clsite after prolonged incubation in
low CI~ buffers was demonstrated by Lindberg and An-
dreasson 27). In the remaining fraction of centers, I
NOs;~ exchange proceeds with at least biphasic kinetics which
appear to be proportional to the NOconcentration: the
times needed for half-exchange range from more than 30
min in the presence of 5 mM NO down to 8 min at 30
mM. These times are shorter thareth h CI release time \
reported by Lindberg et al3) for dark-adapted PSII, in Ci 80
free media. It should also be noted that, although thg NO

AAsgsnm (rel. units)

D puan b b s A,
A e

100

concentrations required to obtain these exchange rates are 60
orders of magnitude larger than the reporitedor CI~, the 40
NO;~ Kq is quite similar to that of Cl. After equilibration

of intact PSIl with a mixture of 30 mM each of Cland 20

NO;~, the S—% kinetics showed about 40% slow phase
(data not shown).

A dependence on S-state of the @®IO;~ exchange was 100
investigated as follows: 10 mM NO was added to dark-

adapted, intact PSII, and within 10 s after addition, which 80

allows exchange only in 14% of ‘open’ PSII reaction centers, 60

zero, one, or two flashes were fired and the sequence of three 40

flashes was completed 30 s later. The absorbance decrease

induced by the third flash was analyzed as above by fitting 20

of a biexponential decay to determine the extent to which 0 ;

CI~ had been replaced by NO(Figure 3). Since only the ' . ' ' .

S;—S transition on the third flash was measured, all centers 0 10 20 30

contributing to the absorption changes in Figure 3A were in
S: during incubation, in Sin panel B, and in $in panel C.
These data show that incubation qfi§ NOs;~ for 30 s led Ficure 3. Effect of NG;~ on absorbance changes due to the S

to CI- replacement only in the 14% of ‘open’ PSII reaction transition in dark-adapted intact PSII at pH 6.0. Conditions as in

: : : : ; Figure 1 (except that flash frequency was 10 Hz), measured after
Cemer.s’ and incubation for the Same perlod of time %n S 30 s incubation with 10 mM N@ (A). In panel B, the sample
and increased the extent of Csubstitution to about 45%. a5 given one preflash, and in panel C two preflashes were fired

Since the data of Figure 2 show that 10 min irisSrequired before the incubation [but following the mixing step (10 s)]. Smooth
to obtain a 45% displacement of Cby 10 mM NG, the lines are biexponential fits with the fixed time constants used in
data of Figure 3B,C also show that @Os~ exchange is the determination of the points of Figure 2, indicating 14% slow

. . phase in panel A and 45% slow phase in both panels B and C.
accelerated by an order of magnitude i &d 3, as Dashed lines indicate the contribution of the slower phase to the

compared to § o o total signal amplitude.
From the proportionality between substitution rate and

NO;~ concentration in Figure 2, it can be concluded that or from S-state-dependent properties of the Klhding site
the intrinsic rate constant of Clrelease from its binding itself. The latter possibility was investigated using PSlII
site in dark-adapted, intact PSIl does not limit the rate of preparations depleted of the extrinsic 17 and 23 kDa
exchange of N@. Therefore, the release time constant must polypeptides by incubation at pH 7.5 in the presence of 50
be much shorter than Lindberg et aB) (proposed, if the mM sulfate (as inl4). Samples prepared this way require
presence of N@ in the medium does not modify the anion  millimolar CI~ for full recovery of Q evolution activity, as
binding site while Ct is still bound to it. Since Cl is do other polypeptide-depleted preparatio24, (39, but do
retained by the OEC for a long time in Ciree media 8), not require C&" addition for activity, and exhibit a much
it appears that the occupant of the @inding site must be  more pronounced UV absorbance oscillatidd)(than do
in rapid equilibrium with only a small sequestered domain salt-washed PSII preparation40j.
that is maintained in isolation from the bulk medium by a  Determinations of Ci affinities in polypeptide-depleted
substantial diffusion barrier. It seems logical to assume that PSIl membranes were carried out by measurements of steady-
the extrinsic 17 and 23 kDa polypeptides either are critical state rates of @evolution and of the amplitude of the
to maintenance of this barrier or are, in fact, the barrier itself. oscillation of the 295 nm absorbance changes (Figure 4). In
Characterization of Cl Affinities and Exchange Rates in  both sets of experiments, 50 mM TCivas found to be
PSII Depleted of Extrinsic Polypeptidesthe S-state de-  saturating, but half-maximal activation was reached at about
pendence of the CINOs;~ exchange dynamics revealed by 6.5 mM CI” in assays of steady-state activity, and at about
the preceding data could in theory arise from conformational 1.5 mM CI™ in the measurements of flash-induced S-state
changes affecting the integrity of the diffusion barrier turnover. The curves in Figure 4 were calculated assuming
between the sequestered domain and the external mediumthat activity is proportional to the fraction of centers with

Time (ms)
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Ficure 4: CI~ concentration dependence of &volution by PSII i
membrane fragments depleted of extrinsic polypeptides. Circles: 1.0 H
rate of Q production in saturating light. Triangles: amplitude
(reciprocal scaling factor, see Figure 6) of 295 nm absorbance i
oscillation produced by illumination with a series of saturating 0.5 H
flashes at 1 Hz. The 100% rate of &volution was 28@mol h! )
(mg of Chiy 2, -
an occupied Cl site according to a simple binding equilib- 0.0 k
rium: [CI7]/([CI] + Kg). A dissociation constanKg) of ! ! ! ! ! ! ! ! ! !
6.5 mM was found for the ©evolution rate. For the 295 1 2 3 4 5 8 7 8 9 10

nm absorbance oscillation amplitude in a flash series,
however, heterogeneity #f; had to be assumed, with values Flash number
of 1.2 mM and about 20 mM. This finding indicates that FIGURE 5: Absorbanc_e changes at 295 nm induced by 10_s_aturating
the situation is more complicated than measurements undefflashes at 1 Hz, starting 10 s (A) or 10 min (B) after addition of 1
. . L mM CI~. Each trace runs from 10 ms before the flash to 40 ms

continuous illumination suggest. after.

In polypeptide-depleted PSII preparations,” @inding
took place within the 10 s needed to add and mix theigl that this time should be sufficient for complete exchange at
the sample and start the measurement. Addition of nonsat-the CI binding site.
urating CI- (1 mM) 10 s or 10 min before measurements of It is still possible that Cl binding is in fact in rapid
flash-induced oscillations produced no obvious difference equilibrium throughout the measurement, provided that the
in the 295 nm absorbance kinetics (Figure 5A,B, respec- Cl~-sufficient reaction centers have a much higher affinity
tively). Therefore, Ct exchange in dark-adapted, polypep- for the halide than do Cldeficient centers. Since this would
tide-depleted PSII appears to reach equilibrium in 10 s or have to be true at all Clconcentrations tested, a wide
less, consistent with th&Cl result showing that removal of  distribution of CI affinities in the sample would have to
extrinsic PSII polypeptides abolishes slow halide exchange exist. This possibility was examined in detail by computer
(3). If CI~ exchange at its binding site is sufficiently rapid, simulations of S-state turnovers to obtain a simultaneous fit
then in principle a nonsaturating Ctoncentration in the  of the measurements in Figure 4 (triangles). The best fit
medium should randomly decrease the probability that chargerequired a set of fivé&y values ranging from 0.03 to 10 mM,
separation will cause an S-state transition frost&sS; or which is probably not meaningful; in fact, the remaining
from S to S, because those transitions require the presencedifferences between the fit and the data strongly indicate that
of CI~ (14). As a consequence, the resulting ‘misses’in S such a model is unsatisfactory, as shown in Figure 7A. At
and S would damp the oscillation in UV absorbance both high and low Cli concentrations, the residuals are
changes, and lengthen its period. clearly not random, but instead show a period 4 oscillation

It appears, however, that although the amplitude of UV with flash number. This appears to be due primarily to a
absorbance changes is sensitive to the €incentration, phase difference between oscillations calculated for high and
neither the damping nor the period of oscillation of the for low CI~ concentrations, which is not seen in the data.
signals depends on the Gtoncentration. Thisisillustrated Such a difference could not be avoided in the simulations
for two CI~ concentrations in Figure 6, where the two without assuming a highly cooperative @inding behavior
measurements have been made to overlap and coincide byhat generates, for ong value, a strongly sigmoidal binding
scaling the amplitude and offset. Although the oscillation curve. Cooperativity is unlikely, however, given the obser-
amplitude at 0.5 mM Clis only 40% of that observed with  vation that only one Clis bound per PSII reaction center
saturating Ct, active centers oscillate as if they were (3). In light of these findings, the assumption of a rapid
saturated with Cl, while the remaining 60% do not, and binding equilibrium throughout the measuring flash train is
instead produce an offset due te ¥xidation on each flash  untenable.
except the first14). This result would suggest that little, if The conclusion that Clexchange is neither slow nor fast
any, exchange of Clions from Cr-sufficient to CI- as compared to the S-state cycle in these measurements has
deficient reaction centers took place on the time scale of thean important consequence. If no exchange occurred during
measurement (10 s), even though the data of Figure 5 indicateneasurement, the results would reflect @ffinity in the



8600 Biochemistry, Vol. 37, No. 23, 1998

(109)

4 5 6 7

Flash number

Wincencjusz et al.

Ficure 6: Absorbance changes at 295 nm scaled to reveal similar oscillation patterns. ToenCéntrations were 0.5 (dotted line, left
scale) and 40 mM Cl(solid line, right scale). The change in the first flash is nearly-@bependent. The saturating flashes were spaced
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Ficure 7: Residuals (fit minus data) from a global fit of the measurements of Figure 4 (triangles): (A) assuming equilibrium at a distribution
of Ky values; (B) assuming a homogeneous, S-state-depeKdeftiue and allowing incomplete Clreequilibration between flashes.

dark-adapted state, as in intact PSIl. If ®inding were at

assumption of constant binding properties may not be valid:

equilibrium throughout the measurement, the results would if different S-states have different Claffinities, binding

reflect CI affinity either in S or in S5, whichever is the

equilibrium is never reached, and after each flash only partial

lowest. Since Cl exchange in the time between flashes is reequilibration to the neWy occurs before the next flash
obviously neither complete nor negligible, however, the changes theKy again. This model was implemented as
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described under Materials and Methods, and the residuals3 times slower than that obtained with Ghdicates that the
from the simultaneous fit of the same data set as in Figure occupant of the PSII Clsite has a direct role in poising the
7A are shown in Figure 7B. Although the fitis clearly much activation energy of the rate-limiting step in the reduction
better, the values obtained for the @Glinding properties of  of Yz*S;3 to YzS. The kinetic effect elicited by N© is
each of the S-states could not be determined with sufficient also, as we show here, a convenient probe of exchange
precision on the basis of these data alone. dynamics at the Clbinding site. The 3-fold difference in

To further test this model and determine more accurately Ss—So kinetics is large enough to permit accurate determi-
the CI affinities and exchange rates in higher S-states, nation of the amplitudes of the Gland NQ™-dependent
experiments were carried out with one or two preilluminating Kinetic components of a mixed trace provided that the
flashes in the presence of varying amounts of tbat were ~ kinetics for 100% Ci and 100% N@ are precisely
added before or after the preilluminating flashes. The mMeasured in the same preparation under the same conditions,
resulting simultaneous fit of all data is shown in Figure 8, @s is shown in the data of Figure 1.
and the values obtained for the equilibrium consténand The data of Figure 2 show that although high (millimolar)
the time constanty of CI- dissociation are listed in Table NOs™ concentrations are required for the exchange process,
1, left column (pH 7.5). In these simulations, the values for CI~ can be replaced more rapidly than has been reported (1
S, appeared to have little influence on the fit, probably h) for its release in the Sstate when the medium contains
because Cl is not required until the §S; transition. little or no CI™ or competing anions3). Since the OEC
Therefore, the Svalues were set equal to those faristhe affinities for NO;~ and CI” seem to be quite similar, the ob-
fit shown. The lower and upper limits given between Servation that relatively high N concentrations are re-
parentheses in Table 1 were estimated by constraining eactfiuired to obtain facile exchange suggests that this process
variable to higher or lower values until the best global fit takes place in a sequestered domain, which communicates
became obviously unacceptable for some of the individual With the bulk medium through a large diffusion barrier. Such
measurements (when the root-mean-square difference bea domain would have to be enclosed by PSlIlI itself, because
tween fit and data exceeded 2 times the rms noise in thePSIl membrane fragments do not form closed vesicles. The
data). These imposed changes were compensated fovolume of this space is therefore unlikely to exceed a few

principally by changes in the othéf; and 74 values, and

cubic nanometers, and given the repottgdsalue (20uM)

led to minor changes in the other free parameters: darkin S (3), the probability of finding a Cl in such a volume,

distribution of S-states, extinction coefficients, which were
found to be the same as reported by van Leeuwen etH|. (
misses, actinic effect of the measuring light. Taking all of

if there were no interactions with its boundary, would be on
the order of 0.01%. This consideration suggests, first, that
when a Cf is trapped behind the barrier, it occupies its

these parameters into account, it can be concluded that &Pinding site virtually continuously and, second, that even a

model proposing an intermediate rate of @xchange can
explain the data only iK4 is higher in $than in §, probably
by an order of magnitude, and that thgis probably even
higher in S than in S.

The results just described were obtained at pH 7.5; in view
of the pH dependence of Chffinity (42), these data cannot
be compared directly to those from intact PSIl at pH 6,

reported above. To obtain comparable data at pH 6.0, PSII

membrane fragments were @bolypeptide-depleted by pH

7.5/sulfate treatment, pelleted by centrifugation, and resus-

large increase in the CKq4 value would increase proportion-
ally the exchange rate with the bulk medium. The observa-
tion that substitution of N@ for Cl~ appeared to be about
20 times faster in the,Sand S states than in S(Figure 3)
might be due to a corresponding increas&inbut the short
lifetimes of S and S preclude experimental verification of
this possibility in the presence of the diffusion barrier.
Dissociation of the extrinsic 17 and 23 kDa polypeptides
removes or greatly reduces the Gliffusion barrier, since
the time required for Cl exchange with the bulk medium

pended in 25 mM MES, pH 6.0, 0.4 M sucrose. Flash- decreases from about an hour to seconds. However, this

induced 295 nm absorbance changes after addition of variou
CI~ concentrations were recorded and analyzed by compute
simulations as above. Again no distribution K& values
was found that could provide a reasonable fit of the data if
rapid CI exchange was assumed. The model allowing
S-state-dependent Céxchange in seconds led to the results
in Table 1, right column. Th&yvalues in $and especially

S, were lower than at pH 7.5. Despite the absence of the
17 and 23 kDa extrinsic polypeptides and resulting rapid ClI
exchange dynamics, the besti§ in S; at both pH values

is even slightly lower than that reported by Homar2)(

for steady-state ©evolution by intact PSII.

DISCUSSION

Our results confirm and extend the characterization of the
NO;~ effect on the kinetics of the ;S-S transition first
reported by Sinclair32), and show that this phenomenon
depends only on the presence of NOn the CI binding
site. The fact that the NO-supported $—=S, transition is

&£xchange is still slow in comparison to the rate of S-state
durnover. The rate of Clexchange is too slow to reach an

equilibrium in the dark intervals between flashes, and rate
constants for Cl binding and dissociation in each of the
individual S-states were obtained from computer simulations
that give a satisfactory fit of the data. Such simulations
require eight variables, and changes in one variable can be
compensated to some extent by adjustment of the other
variables. For some variables, most notably Kaevalues

in S; and $ and the dissociation time in,Sthe allowed
range of values is sufficiently narrow to allow definite
conclusions. First, rapid Clexchange in the&and S states

in the (sub)millisecond time domain, which would be
required to explain the NMR results of Preston and Pace
(23), is not confirmed. Second, th€; is higher in $ than

in S;, and at pH 6.0 this difference might well be large
enough to account for the approximately 20-fold higher rate
of NO3s~ substitution estimated for intact PSII on the basis
of the data in Figure 3. Third, th€; value in § and its pH
dependence correspond with the values reported for steady-
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Ficure 8: Simultaneous fit as in Figure 7B of 295 nm absorbance changes at differemb@tentrations, including data obtained in
various Ct addition/preillumination conditions. Model as in Figure 7B. (A) Dark-adapted samples (the same data as previous figures);
(B) 15 s after one preilluminating flash; (C) 15 s after two preilluminating flashes; (D) as (B) buadled after preillumination; (E)

as (C) but Ct added after preillumination. Top traces in each frame except (D) represent fits of the absorbance transients due to
S—S,, ihown at half-amplitude (corresponding to their weight in the fit). The vertical line beside each of the frames reprasents

1x 1073
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Table 1: Best-Fit Values and Maximum Range of the CI
Dissociation Equilibrium Constar€y and the Dissociation Time
Constantry in PSIl Depleted of Cl and the Extrinsic 17 and 23
kDa Extrinsic Polypeptides by pH 7.5/Sulfate Treatment

pH 7.5 pH 6.0

Kg (MM) S nd n.d.

S 1.0 (0.6-2.0) 0.08 (0.0%0.2)

S 7 (3-10) 1.0(0.2-5)

Ss 45 (>0.5) 130 £0.5)
7d(S) S nd nd

S 10 (<10%) nd

S, 11 (5-40) 2.5 (+15)

S; 35 (>10) 2 (0.2-20)

@ The limits shown were obtained with all other parameters uncon-
strained. Other fit parameters were the following: misses, 6%; hits
due to measuring light, 5.7%; dark,,S25.4%; relative extinction
coefficients: $—S;, 1.9; S—S,, 6.0; S—S;, 4.2; Y.—Y 7, 2.6, and
offset (presumed to arise from the acceptor side), 1.0. The upper limit
for 74 in S; at pH 7.5 was imposed on the basis of the data shown in
Figure 5; its value at pH 6.0 and all values for thesgte appeared to
have little effect on the fit.

state rates of @evolution by intact PSII. Therefore, removal
of the extrinsic 17 and 23 kDa polypeptides does not seem
to substantially change the affinity of the binding site.

We emphasize that this conclusion does not contradict the
common notion that @evolution requires much higher Cl
concentrations in the absence of the 17 and 23 kDa
polypeptides under steady-state illumination. The much
higherKq values we have determined for the higher S-states
will lead to temporary inactivation by loss of Cin a matter

of seconds, and the resulting steady-state rate;@vOlution

will be governed by the lower Claffinities of S and S. In

the presence of the extrinsic proteins, a much longer time

would be required to reach the same steady-state, so;the S 14.

CI~ affinity should be dominant under this condition.
In CI~ replacement experiments, in intact PSII, the ex-

change rate depends on the concentration of the added anion,16.
and the process can occur more rapidly than does the release

of CI~ into a CI-free medium. Once a substituting anion
has penetrated the polypeptide barrier, both ions would al-
ternate with one another in spending a substantial fraction
of time in the same sequestered domain, if they have similar
Kq values for the binding site, because the binding site itself
accommodates only one anion. Assuming a domain volume
of at most few cubic nanometers, both ions will be present
at an effective minimum concentration of about 0.1 M until
one of the two is lost to the external medium, which will
happen very quickly as a result of the large concentration
gradient.

Our conclusion that the Claffinity is changed substan-
tially by the oxidation of MA' to Mn" on the $—S;
transition supports the hypothesis that @ a Mn ligand
(17), although conclusive spectroscopic evidence in support
of this hypothesis is yet to be obtained. Since the ligand
field stabilization energy would increase on oxidation of'Mn
to Mn", the affinity decrease we detect in our experiments
is more likely due to steric constraints arising from the size
difference between CI(1.7 A) and M (0.5 A) (22).

On earlier occasions, precise simulations of S-state turn-

over in a flash series have been obtained by assuming a g

reversible temporary inactivation of the State 41, 43.
On the basis of the present data, it seems likely that the ClI
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concentration in those measurements was near or below the
Kq in the S state and the model used here would fully
account for those data. Such conditions may be common
both in experimental and in physiological circumstances,
suggesting that the extrinsic polypeptides play an essential
role in retarding the inevitable loss of Cirom PSII during
illumination.
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