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ABSTRACT: To further characterize the role of D1-His190 in the oxidation of tyrosipénYphotosystem

II, the pH dependence ofsk'" reduction was measured in H190A and Mn-depleted wild-type* PSII
particles isolated from the cyanobacteritgynechocystisp. PCC 6803. Measurements were conducted

in the presence and absence of imidazole and other small organic bases. In H190A PSII particles, rapid
reduction of RBgg™ attributed to electron transfer fromy¥ncreased dramatically above pH 9, with an
apparent ga of ~10.3. In the presence of ethanolamine and imidazole, this dramatic increase occurred
at lower pH values, with the efficiency of yYoxidation correlating with the solutionkp value of the

added base. We conclude that thépf Yz is ~10.3 in D1-H190A PSII particles. In Mn-depleted wild-

type* PSII particles, B¢ reduction was accelerated by all exogenous bases examined (substituted
imidazoles, histidine, Tris, and 1,4-diazabicyclo[2.2.2]octane). We conclude thats¥lvent accessible

in Mn-depleted wild-type* PSII particles and that it&pis near that of tyrosine in solution. In Mn-
depleted wild-type* PSII particles, over 80% of the kinetics af¢P reduction after a flash could be
described by three kinetic components. The individual rate constants of these components varied slightly
with pH, but their relative proportions varied dramatically with pH, showing appaténtvalues of 7.5

and 6.25 (6.9 and 5.8 in the presence of'Cand Mgt ions). An additional ga value (Ka < 4.5) may

also be present. To describe these data, we propose (1KhefpHis190 is 6.9-7.5, depending on

buffer ions, (2) the deprotonation of,¥Ys facilitated by the transient formation of a either a hydrogen
bond or a hydrogen-bonded water bridge betweenaid D1-His190, and (3) when protonated, D1-
His190 interacts with nearby residues havir{ppralues near 6 and 4. Becausg and D1-His190 are
located near the Mn cluster, these residues may interact with the Mn cluster in the intact system.

Photosynthetic water oxidation takes place in photosystembrane. PSIl is a multisubunit, integral membrane protein
Il (PSH)! near the lumenal surface of the thylakoid mem- complex (, 2) that utilizes light energy to oxidize water and

; reduce plastoquinone (for review, see r&¥s10). The
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byproduct. The photochemical events that precede watercomplementation3b). In the latter study, we measured the

oxidation take place in a heterodimer of two homologous

rates of Y, oxidation, Rgg™ reduction, and ¥ reduction in

polypeptides known as D1 and D2. These events are initiatedPSI| particles isolated from several D1-His190 mutants
by the capture of light by an antenna complex that is located constructed in the cyanobacteriu@®ynechocystisp. PCC

peripherally to PSII. The excitation energy is transferred to
the photochemically active chlorophyll species knowngs P
Excitation of Rgoresults in formation of the charge-separated
state, B "Qa*~, Where Q is a molecule of plastoquinone.
The Rgg™ radical rapidly oxidizes tyrosine Y(Tyrl61 of
the D1 polypeptide), forming the neutral radicak’YThis
radical in turn oxidizes the Mn cluster, whilea@ reduces
the secondary plastoquinonez.@ubsequent charge separa-
tions result in further oxidation of the Mn cluster. During
each catalytic cycle, the Mn cluster cycles through five
oxidation states termed,Svheren denotes the number of
oxidizing equivalents stored. The State predominates in
dark-adapted samples. The<$ate may have one oxidizing
equivalent localized on a Mn ligand: whether Mn is oxidized
during the $— S; transition is currently under debate (e.g.,
see refll versus refl2). The S state is a transient
intermediate that reverts to theg Sate with the concomitant
release of @ In addition to Yz, PSII contains a second redox-
active tyrosine residue, known as YTyrl60 of the D2
polypeptide in the numbering system $§nechocystisp.
PCC 6803). This tyrosine residue is also oxidized g¢P,

but its function remains unknown.zYand Y, appear to be
located symmetrically with respect to the probalile
symmetry axis of the PSII reaction centés).

Recent data show that,Ys located close to the Mn cluster.
Simulations of EPR and ENDOR data from inhibited samples
trapped in the &z state has yielded a MnYz point—
dipole distance 0f-8 A (14—16). This distance is consistent
with a geometric center-to-center distance~& A between
Yz and the Mn cluster and is consistent with a hydrogen
bond existing between xYand a Mn-bound water molecule
(17). These data, plus data showing that ¥ rotationally
mobile (L8—20), have led to new models for the mechanism
of water oxidation in PSIl. These models postulate that Y
participates directly in water oxidation by abstracting protons
(4, 20) or hydrogen atomsl{, 19, 21—-25) from water-

derived ligands of the Mn cluster. Whether these abstractions

occur during all of the S-state transitiori®( 21—24), only
the S — S;and S — () — S transitions 4, 17), or only
the S — Sg transition @5) is currently under debate. In all
of these models, electron transfer fromy Yo Psgg™ is
facilitated by the deprotonation of,Yoy a nearby base. On

6803 @35). These rates were slowed dramatically in all mutant
PSII particles examined, but were accelerated dramatically
in the presence of imidazole and other small organic bases.
We concluded that the oxidation of,Yoy Psggt requires

the deprotonation of ¥ that D1-His190 is the proton
acceptor for Y, and that the hydroxyl proton of femains
bound to D1-His190 during the lifetime of /Y thereby
facilitating the reduction of ¥.

In the same study36), we found that imidazole also
accelerated both¢gy™ and Yz* reduction in Mn-depleted
wild-type* PSII particles. On the basis of this unexpected
finding, we concluded that ¥and D1-His190 interact more
weakly in the absence of the Mn cluster than in its presence
(35). This conclusion is consistent with studies showing that
electron transfer from ¥'to Psgg™ exhibits a much greater
deuterium isotope effect in the absence of the Mn cluster
(37—40) than in its presence3g, 39, 41, 42).

The objective of the present study is to further characterize
the role of D1-His190 in the proton-coupled oxidation of
Yz by Psgg™ in Mn-depleted PSII preparations. The informa-
tion obtained should form a basis by which to compare the
function of D1-His190 in intact PSIl preparations. In this
study, the pH dependence ofsP* reduction was measured
in H190A mutant and Mn-depleted wild-type* PSII particles
in the presence and absence of imidazole and other small
organic bases. The results provide additional evidence that
D1-His190 is the proton acceptor forz¥and show that the
interaction between D1-His190 and; ¥s disrupted in the
absence of the Mn cluster. In the absence of the Mn cluster,
the oxidation of % either occurs as a concerted electron/
proton-transfer event or is rate limited by the deprotonation
of Yz. In either case, the rate-limiting step may involve the
transient formation of a hydrogen bond or a hydrogen-bonded
water bridge betweenand D1-His190. Finally, D1-His190
appears to interact with nearby residues havikg palues
near 6 and 4. Because ¥ located near the Mn clustet4—

16), these residues may ligate the Mn cluster in intact PSII
preparations.

MATERIALS AND METHODS
Construction of Site-Directed Mutant$he D1-H190A

the basis of modeling studies that place D1-His190 close to mutation was constructed in tipsbA-2 gene of the cyano-

Yz (26—29), this base has long been presumed to be D1-

bacteriumSynechocystisp. PCC 6803. The mutation-bearing

His190. This presumption has been supported by studiesplasmid was constructed as described previou4B). (To

involving site-directed mutagenesi80-36) and chemical

! Abbreviations: Chl, chlorophylg; Chl;, monomeric chlorophyll
species that is oxidized by *; EPR, electron paramagnetic resonance;
ENDOR, electron nuclear double resonance; fwhm, full width at half-
maximum; PSII, photosystem Il;68, chlorophyll species that serves
as the light-induced electron donor in PSllz, Yyrosine residue that
mediates electron transfer between the Mn cluster agel™PYop,
tyrosine residue known to act as an alternate electron donaydo;P
Qa, primary plastoquinone electron acceptor, @econdary plasto-
quinone electron acceptor; Mes, [8-fnorpholino)ethanesulfonic acid;
Tes, 2{[tris-(hydroxymethyl)methyl]laminpethanesulfonic acid; Ches,
2-(N-cyclohexylamino)ethanesulfonic acid; Tris, tris-(hydroxymethyl)-
aminomethane; wild-type*, control strain 8fnechocystisp. PCC 6803
constructed in identical fashion as the mutants, but containing the wild-
type psbA-2 gene.

simplify the isolation of PSII particles, the mutation-bearing
plasmid was transformed into a strain®ynechocystithat
lacks PSI anépcE function @4). The wild-type* strain was
constructed in an identical manner, but with a transforming
plasmid that carried no site-directed mutation. The designa-
tion “wild-type*” differentiates this strain from the native
wild-type strain that contains all thrgesbA genes, contains
PSI, contains a functionapdE gene, and is sensitive to
antibiotics. Wild-type* and D1-H190A cultures were propa-
gated in the presence of 15 mM glucog®)( as described
previously 35). The mutant D2-Y160F, described previously
(46), was propagated in the presence of 5 mM glucose. This
mutant contains PSI and a functiorsgdcE gene.
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Ficure 1: Formation and decay of&* in Mn-depleted wild-type* PSII particles at pH 7.5, as monitored at 810 nm: (A) in the presence

of 0, 1, 10, 50, and 100 mM imidazole, (B) in the presence of 0, 10, 40, and 100 mM Tris, (C) in the presence of 100 mM 2-methylimidazole
and 100 mM 1-butylimidazole, (D) in the presence of 0, 5, 20, and 100 mM 1-methylimidazole, (E) in the presence of 0, 1, and 100 mM
histidine, (F) in the presence of 100 mM 1,4-diazabicyclo[2.2.2]octane and 100 mM 4-methylimidazole. The trace corresponding to 100
mM imidazole in panel A is reproduced in all other panels for comparison and is indicated by “imidazole”. Conditiong:ofLChl in

0.35 mL of 20 mM Tes, 0.04%-dodecyl$-pD-maltoside, 1quM KzFe(CN), pH 7.5, 21°C. Laser flashes (532 nm, 10 ns fwhm) were
applied at 10 s intervals. Each trace represents the averageldf Sveeps.

Isolation of PSII ParticlesWild-type* and D1-H190A and Mn-depleted PSII particles were concentrated te-0.6
PSiII particles were isolated as described previously for strains0.9 mg of Chl/mL by ultrafiltration, frozen in liquid Nand
lacking PSI andipcE function 35) except that the detergent-  stored at—80 °C. The purified PSII particles lack gX47).
extracted thylakoid membranes were applied to a 300 mL  Optical Measurement3ransient optical absorbance changes
DEAE-Toyopearl 650s column, the column was washed with at 810 or 811 nm were measured with a laboratory-built
purification buffer [25% (v/v) glycerol, 50 mM MesNaOH, double-beam spectrophotometer described previoddy (

20 mM CaC}, 5 mM MgCh, 0.03% n-dodecyl 5-p- Flash excitation was provided by a frequency doubled,
maltoside, pH 6.0], and the purified PSII particles were eluted Q-switched DCR-11 Nd:YAG laser (Spectra-Physics) op-
with purification buffer containing 50 mM MgSO These erating at 532 nm with a pulse fwhm of 10 ns and a flash
procedures are derived from those of Tang and Diner for energy of 22 mJ. For the experiments of Figure 1, the
isolating PSIl from Synechocystisp. PCC 6803 in the  measuring beam (120 mW at 810 nm) was provided by a
presence of PSHK({). D2-Y160F PSII particles were isolated TI-SPB titanium-sapphire laser (Schwartz Electo-Optics,
as described by Tang and Diné7}, with minor modifica- Orlando, FL) pumped with a diode-pumped frequency-
tions 35). Mn-depleted wild-type* and D2-Y160F PSIl doubled CW Nd:YAG laser, Mellenia (Spectra-Physics,
particles were prepared with NBH and EDTA, as de-  Mountain View, CA) emitting at 532 nm with 5.3 mW output
scribed previously35). The residual @evolution activity power. For all other experiments, the measuring beam (50
of the Mn-depleted preparations was-@% compared to  mW at 811 nm) was provided by a DC25 F semiconductor
untreated wild-type* and D2-Y160F PSII particles. The diode laser (Spindler & Hoyer, Germany). For measurements,
H190A mutant PSII particles appeared to lack photooxidiz- samples were diluted (320 ug of Chl into 0.35 mL of
able Mn ions and were not extracted to remove Mn. Purified final volume) into solutions containing 20 mM buffer [Mes
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NaOH(D) for pL 4.5-6.5, Tes-NaOH(D), for pL 7.0-8.5, T T
Ches-NaOH(D) for pL 9.0-10.5], 0.04%n-dodecyl3-p- N

maltoside, and 1Q«M potassium ferricyanide, plus other
components (exogenous bases, GallgCl,) as indicated

in the figure legends. Buffers in J» were prepared with
freshly opened BD. The pL values of the buffers (& H

or D) were measured with a glass electrode calibrated with
standard pH buffers and were adjusted with NaOH or freshly

-
N
T

=
o
T

[o+]
T

Absorbance Change [AA,,, x 10%]
[o2]

opened NaOD. The pD values were obtained by adding 0.40 4r

to the meter readingd, 50). After dilution, samples were

incubated in darkness for 2 min to ensure oxidation af Q 2F

by the potassium ferricyanide and to allow equilibration with TSR
exogenous bases. Actinic flashes were applied at 0.1 Hz. or . T BT R
To minimize denaturation of sample at extremes of pH, the 107 10 10° 104 102
entire time that elapsed between dilution of sample and Time after Flash [sec]

completion of data acquisition was approximately 5 min. pgure 2: Formation and decay ofgl* in Mn-depleted wild-
Kinetics were analyzed with Jandel Scientific’s (San Rafael, type* PSII particles as a function of pH, as measured at 811 nm.
CA) Peakfit Program, version 4.0. Conditions: same as Figure 1 except that samples contained 20

; it ug of Chlin 350uL and the samples were buffered with 20 mM
Other ProceduresChlorophylla concentrations and light Mes at pH 4.5-6.5, 20 mM Tes at pH 7:08.5, and 20 mM Ches

saturated rates of oxygen evolution were obtained as gt pH 9.0-10.0. Laser flashes (532 nm, 10 ns fwhm) were applied

described previously36). at 10 s intervals. Each trace represents the average of eight sweeps.
Note that the data extend over nearly 5 orders of magnitude of
RESULTS time.

Reduction of Bt in Mn-Depleted Wild-Type PSIl  of ks decreased (to~5%), and rate constari increased
Particles in the Presence of Exogenous Ba$és.formation approximately 2-fold. Similar changes in the kinetics gsP
and decay of B¢+ can be monitored in the near-infrared, reduction were observed in the presence of 1-methylimida-
where the absorbance difference spectruggs Pminus Rgo, zole (Figure 1D), except that the amplitudekefincreased
has a broad positive ban81). We employed 810 or 811  to a slightly greater extent and the amplitudeskpindks
nm for our measurements. In Figure 1, we present the flash-were essentially unchanged. Similar changes were also
induced formation and decay off" in Mn-depleted wild-  opserved in the presence of histidine (Figure 1E), except that
type* PSII particles at pH 7.5. ThAAg, values between  the amplitudes ok, and ks changed with half-saturation
140 ns and 1 ms after the actinic flash were fit with four | 51,es<1 mM and the amplitudes df and ks were also

exponentially decaying phasqsus a constant offset. Fewer — gsqentially unchanged. The presence of Tris (Figure 1B) had
phases yielded residuals that were decidedly nonrando+m (NO%ithie effect on the amplitude ok. Instead, the decrease in
?ggl\j\c/:rt]i)énlrllir:g?icst\;\?;gczs?‘glIi)\(/\c/)sg'eré]lz%ufwbsvsitisl’( E*fe: P the amplitude ok, (half-saturation at-7 mM) was mirrored
340+ 20 ns. 214 2% with kot — 3 44 OZ S 9; 1% by an increase in the amplitude kf. No acceleration of

y 2 ' A, Pssct decay was caused by the addition of 0.1 M KClI,

with kg™ = 21 + 7 us, 18+ 2% with k, * = 120+ 10 us, . ) .
and 4.2+ 0.3% offset. All organic bases examined [imida- showing that the accelerations observed in the presence of

zole (Ka 6.9), 1-methylimidazole (s 7.2), 2-methylimi- exogenous bases were not caused by an increase in ionic
dazole (K 7.6), 4-methylimidazole (s 7.5), 1-butyl- strength associated with adding the bases.
imidazole, histidine (s 6.0), Tris (Ka 8.3), and 1,4- Reduction of B¢t in Mn-Depleted Wild-Type PSII

diazabicyclo[2.2.2]octane K 8.7)] accelerated the reduc-  particles as a Function of pHThe flash-induced formation

tion kinetics (Figure 1). In each case, the amplitudes of one gng decay of Rg* in Mn-depleted wild-type PSII particles

or more of the more rapidly decaying phases (those with 4 pH values ranging 4:510 is presented in Figure 2. The
rate ponstantskl and k) increased at the expense of the rate of decay increased dramatically with pH. TAfg::
amplitudes of one or more of the more slowly decqymg values between 140 ns and 8 ms after the actinic flash were
fhheasfgs(é?gzeo\;witr?]i[ji:goﬁgn(ls:tiaﬁaén%)' ;gr:r(]amgfé(;‘f fit with five exponentially decaying phasés-ewer phases
incr(gased (from 21 to-31%) aq[ the exbense ofpthat taf yielded residuals that were decidedly nonrandom (Figure 3).
(which decreased from 18 t6-2%). For both amplitude Although five equneqtially decayiljg phases were required
changes, half-saturation was achievee-atmM imidazole. to fit the data, the kinetics were dominated by the three fastest

phases. The sum of the amplitudes of the three fastest phases

In addition, over the concentration range T00 mM, the . o
amplitude ofk, increased gradually (te58%), the amplitude varied from 77 to 85% of the total between pH 4.5 and 7.5
and exceeded 90% of the total between pH 8.0 and 10.0.

5 ) . . . The uncertainties depicted by error bars in Figure$ 4re

The exponentially decaying phases are reported in terms of initial the sample standard deviations of the fit parameters calcu-
amplitudes (% of total) and lifetimes (i.dc?), that is, the time required p p
for the amplitude to decay to é/of its initial value. For the data  lated from separate measurements (e.g., three separate
presented in Figure 1, thévajues for the fits ranged 0.9969.9995. samples were examined at pH 7.5) or from independent fits
For the data presented in Figures®& ther? values ranged 0.9918 fth H 4.5 and 6.5). At pH 7.5. th
0.9999. For the data presented in Figures 7 and &2thalues ranged ~ Of the same trace (e.g., at pH 4.5 and 6.5). At pH 7.5, the
0.9967-0.9997. fits obtained were similar to those obtained from the data in
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Ficure 3: Residuals obtained from fitting the decay kinetics of
Pssot in Mn-depleted wild-type* PSII particles at pH 7.5: (A) data

Biochemistry, Vol. 38, No. 37, 19991855

pH units (open circles and dashed lines in Figure 4, panels
D—F). In addition, the individual rate constants decreased
approximately 2-fold: the kinetic isotope effekt/kp, was
1.7+ 0.2 forky, 2.5+ 0.4 fork,, and 2.6+ 0.6 forks (Figure

5). The increasediy values are expected because tKa p
values for weak acids, including carboxylic acids and
imidazole, increase by 0.49.52 pH units in RO (52, 53).

The presence of 20 mM CaGind 5 mM MgC} decreased
the apparentiga values ofky, k,, andks by approximately
0.5 pH units (open circles and dashed lines in Figure 6, panels
A—C). The values ok, k;, andks also increased, but only
by factors of 1.5-1.7 (not shown).

The presence of 100 mM imidazole eliminatied(open
squares and dashed lines in Figure 6F) knp¢hot shown).
These observations agree with the data presented in Figure
1A, where the addition of imidazole at pH 7.5 cauded
andk; to increase at the expenselgfandk,. In addition,
the Ka value of k; decreased slightly, from 7.5 to7.3

were fit with five exponentially decaying phases, (B) data were fit (Figure 6D) and the values &f andk, increased, but only
with four exponentially decaying phases plus a constant offset, (C) by factors of~1.6 (not shown).

data were fit with four exponentially decaying phases.

Figure 1 (obtained 10 months earliérf pH 7.5, the Rg™
reduction kinetics were as follows: 42 2% with k;=* =
321+ 27 ns, 31+ 1% withk, 1 = 3.0+ 0.3 us, 12+ 1%
with kst = 18 + 5 us, 8.9+ 1.3% withk, ! = 1404+ 25
us, and 64 1% withks™* = 7 + 2 ms.

To determine whether the absence of tyrosinginflu-
ences the kinetics of g™ reduction, data were acquired
with Mn-depleted PSII particles isolated from the mutant
D2-Y160F. This mutant lacks ¥ (46, 54). The kinetics of
Psso™ reduction were unchanged from those shown in Figure
4, panels A-C, for wild-type* PSII particles in KO (not

The amplitudes of the individual decay phases varied shown). Therefore, we found no evidence for an influence

dramatically with pH (Figure 4). In contrast, the values of
the individual rate constants varied only moderately with pH
(Figure 5). For examplé; decreased only 2.8-fold between
pH 10 and 7kt ~ 0.25-0.7 us), k,, decreased only 3.9-
fold between pH 8.0 and 5.5 ' ~ 3—11us), ks decreased
only 2.2-fold between pH 7.5 and &(* ~ 20—40us), and

ks was largely independent of pi,(* ~ 100-300us at all

pH values). The rate constant of the slowest phkgenas

of Yp on the reduction kinetics ofegy™.

Reduction of Bg™ in D1-H190A PSII Particles as a
Function of pH.The flash-induced formation and decay of
Pssgt in D1-H190A PSII particles at pH values ranging6.5
10.5 is presented in Figure 7. The rate of decay increased
significantly with pH. TheAAg;; values between 140 ns and
8 ms after the actinic flash were fit with five exponentially
decaying phasésFewer phases yielded residuals that were

too slow to be measured accurately because only 8 ms ofdecidedly nonrandom (not shown). At pH 6.5, thgd®

data were obtainedk{* ~ 4—6 ms between pH 9 and 10
andks~! > 6 ms below pH 9).

The amplitude ok, increased from less than 5% to nearly
80% of the total as the pH increased, with an appar&at p
value of 7.5 (Figure 4A). The amplitude kf decreased from

reduction kinetics were as follows: 8 1% withk; * = 0.7
+ 0.2us, 8+ 1% withk,™ = 3.5+ 0.7 us, 8+ 1% with
ks = 0.26+ 0.04 ms, 46+ 2% withk,;7* = 1.14+ 0.1 ms,
and 294 2% with ks™* = 7 4+ 1 ms. The amplitudes d¢
andk,, the two phases witk ! values of<3.5us, increased

over 60% to less than 4% as the pH increased, with an dramatically with pH, with their sum increasing frorlL7%

apparent g value of 6.25 (Figure 4C). The amplitude of

to over 40% with an apparenp value near 10 (Figure 8,

ks may decrease below pH 5 (Figure 4C), although the filled circles and solid line). The solid line in Figure 8

precision of the data precluded a definitive statement.

Nevertheless, the amplitude kf must decrease at low pH
because, at sufficiently low pH values,; Yoxidation is
blocked and B¢t is reduced by @~ (e.g., see ref84 and
39). The amplitude ofk, was maximal near pH 6.5,
decreasing at higher and lower pH values with apparkat p
values that appeared to correspond to thosé;adind ks
(Figure 4B). The pH profile oks was nearly identical to
that of k, (Figure 4B). Consequently, the sum of the
amplitudes ok, andk, is also shown in Figure 4B.

In buffers having RO substituted for KO, all of the
apparent K values were increased by approximately 0.5

3 When the trace at pH 7.5 was fit exactly as in Figure 1 (xiAg;;
values between 140 ns and 1 ms after the actinic flash fit with four
exponentially decaying phases plus an offset), thg Preduction
kinetics were as follows: 42 2% withk; 1= 3254 29 ns, 314+ 1%
with kot = 3.0+ 0.3us, 12+ 1% withks™* = 18 &+ 5 us, 9.5+ 1.5%
with kst = 150 &+ 30 us, and 6+ 1% offset.

represents part of a single proton titration curve extending
from 17 to 83% with a fa value of 10.3. In the presence
of 100 mM ethanolamine ¢ 9.5), the apparentiy value
appeared at approximately 9.5 (Figure 8, open circles and
dashed line). In the presence of 100 mM imidazol&x(p
6.9), the pH dependence of the sum of the amplitudds of
andk; could be fit with two apparentiy values: 6.9 and
10.3 (Figure 8, filled diamonds and dedashed line). This
heterogeneity is presumably the result of using a subsatu-
rating concentration of imidazol&%). The increases in the
amplitudes ok; andk; at high pH values were accompanied
by corresponding decreases in the amplitudek, @nd ks.
In addition, the values of;, ki, andks increased 34-fold
over the pH range 6:510.5, whereas the values kf and
k. remained essentially unchanged.

We attribute the increase in the amplitudeskpfind k;
above pH 9 in H190A PSiII particles to the reduction gfP
by Yz. At lower pH values, ethanolamine and imidazole
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Ficure 4: Relative amplitudes of the exponentially decaying phasess&ftReduction in Mn-depleted wild-type* PSII particles as a
function of pL: (A) %k, (B) % k; (filled triangles, dashed linek, (filled squares, dotted line), and the sum ket % ky, (filled circles,
solid line), (C) %ks. Panels D-F compare the components measured y® Dopen circles, dashed lines) versus those measureddn H
(filled circles, solid lines, reproduced from panels-8): (D) % k;, (E) %k, + % ki, (F) % ks. The solid and dashed lines in panels A,
C, D, and F each represent a single proton titration curve with the indic&igdagdue. Conditions were the same as in Figure 2.

facilitate this reaction, presumably by facilitating the depro- intermediate. In the lower pathway, electron-transfer precedes
tonation of Yz. Note that, at pH<8 in the absence of proton transfer and the tyrosine cation radical is formed as
exogenous bases,17% of Rgg™ decayed with rate constants an intermediate. In the middle pathway, electron and proton
ki or k.. Similar percentages of rapidly decayingd® were transfer are concerted. In both upper and lower pathways,
observed in all His190 mutants examing®;(unpublished Yz oxidation can be rate limited either by electron transfer
observations). These percentages varied with preparation. A(reactions 2 and 4) or by proton transfer (reactions 1 and 3).
substantial percentage29%) of rapidly decaying & was The lower pathway can be excluded. First, the redox
also observed in the mutant D1-Y16185), a mutant that  potential for generating the tyrosine cation radical is too high
lacks Yz (55, 56). Consequently, we attribute the percentage [E, > 1.4 V (58)] to permit its formation by Rg™ [Em ~
of rapidly decaying R¢* observed at pH<8 in H190A, 1.12 V (69)]. Second, the oxidation of X is severely
Y161F, and other His190 mutant PSII particles in the absenceimpaired in all D1-His190 mutant8(Q—36). In a previous
of exogenous bases to the reduction gfP by unidentified study B5), we showed that the rate of,Yoxidation slows
components in a percentage of PSII particles that have beemjramatically in D1-His190 mutants, but is restored substan-
structurally altered during purification. tially by the addition of organic base85). In the present
study, we confirm these results and show that the effective-
DISCUSSION ness of exogenous organic bases correlates with their solution
The oxidation of % by Psgg ™ is a proton-coupled process PKa values (Figure 8). As in our previous studysf, we
that can be described with the formalism shown in Figure conclude that D1-His190 is the proton acceptor ferand
9. This formalism was originally developed to describe the that the oxidation of ¥ by Pssg™ requires the deprotonation
proton-coupled reduction ofgby Qa*~ in bacterial reaction ~ Of Yz.
centers $7) and was first applied to PSII by Diner and co- If the upper pathway applies, then whether electron or
workers @0). In this formalism, proton-coupled electron- proton transfer is rate limiting can be determined from the
transfer proceeds along one of three pathways. In the uppempH dependence of the rate ofsP" reduction. If a rapid
pathway, proton transfer to a nearby base (“B”) precedes proton-transfer equilibrium precedes a rate-limiting electron
electron transfer and the tyrosinate anion is formed as antransfer (reaction 2), thesg'* reduction kinetics will show
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indicated K value. Conditions were the same as in Figure 2 except gne with a a value of 6.9 (from 14 to 38%), and a second with
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(upper panels, open circles and dashed lines) or 100 mM imidazole . rves is caused by using a sub-saturating concentration of

(lower panels, open squares and dashed lines). imidazole 85). Conditions were the same as in Figure 7.

a pH-dependent rate constant whose value at a particular pH

value will depend on the fraction ofvthat is unprotonated  depend on the\G for the reaction. In Mn-depleted wild-
at that pH value. The value of this rate constant will also type* PSII preparations, we find that thesP" reduction
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His190, this deprotonation can be achieved by adding small
organic bases or by raising the pH. We conclude that Y
has Ka ~ 10.3 in H190A PSII particles.

Our conclusion that ¥has K4 &~ 10.3 in D1-H190A PSII
particles conflicts with a recent report that Yias iKa ~
8.1 in thylakoid membranes isolated from dark-gréwells
of the Chlamydomonas reinhardtinutants D1-H190F and
D1-H190Y 34). However, we believe that the value of 8.1
reported in this study is too low. At pH 9.5, the highest pH
value examined, a single saturating flash applied to H190F
and H190Y thylakoid membranes produced less than 50 and
60%, respectively, of the maximum yield of variable
chlorophyll a fluorescence (compared t©90% in mem-

electron-transfer precedes proton transfer and the tyrosine cationbranes isolated from dark-grotvwild-type cells). In addi-

radical is formed as an intermediate. In the middle pathway, electron
and proton transfer are concerted. In both upper and lower pathways
Yz oxidation can be rate-limited either by electron transfer (reactions
2 and 4) or by proton transfer (reactions 1 and 3). Reaction 6
represents a hypothetical equilibrium betweenarid D1-His190
forming a hydrogen bond with each other and with other partners,
e.g., the groups denoted; Bnd B;.

kinetics are fit by multiple phases whose rate constants are
relatively independent of pH (Figure 5). Furthermore, Diner
and co-workers reported that the rate of electron transfer from
Y2 to Psgg™ appears to be only weakly dependent on the
AG for the reaction 40). Therefore, we conclude that, in
Mn-depleted PSII preparations, either the oxidation ef Y
by Psgot is rate limited by the deprotonation of;upper
pathway, reaction 1) or electron and proton transfer are
concerted (middle pathway, reaction 5). Our data do not
distinguish between these two possibilities.

tion, a single flash applied to H190F membranes at pH 9

generated only~70% of an EPR transient attributed te*Y

(34). Some of the diminished fluorescence yields at:p#i
in the mutant membranes might be attributed to the reduction
of Psge™ by Chk rather than by ¥ in reaction centers
containing oxidized cytochrombsse. Because Cht' is a
potent quencher of chlorophyld fluorescence in PSII
membranes 60, 61), it could significantly quench the
fluorescence yield even when present in quantities that escape
detection by transient EPR experiments. On the basis of these
considerations, we believe that the data in3éfare more
consistent with a ¥ having a fKa value closer to 9 than 8.
The remaining differences between the data reported in ref
34 and in the present study are not understood, although
different mutants and organisms were employed in the two
studies.

(2) pKa Value of ¥ in Mn-Depleted Wild-Type* PSII

The conclusions reached in the previous paragraph arepreparations The three dominant phases ef#" reduction

supported by a recent study of Mn-depleted PSII particles
from pea 89). In this study, the kinetics ofdgs™ reduction

at pH values ranging411 were fit with three exponentially
decaying phases plus an offs&8). The two most rapidly
decaying phases were attributed tg d%idation. In agree-

in Mn-depleted wild-type* PSII particleg;, k,, andks, were
relatively independent of pH and showed deuterium isotope
effects,ku/kp, of 1.7—2.6 (Figure 5). Because the values of
ka/ko were independent of pH up to the highest pH value
examined (pH 10), we conclude that the deprotonation of

ment with the present study, the rate constants for thesey, is required for its oxidation at pH10. Therefore, we

phasesk; andks, were relatively independent of pH, while
their relative amplitudes varied dramatically with pBoJ.
Both ks andks (39) are smaller thak; andk; (this study) by
factors of ~5 and 2-4, respectively. In addition, the
deuterium isotope effect fdg was much smallerk(y/kp <
1.1) than measured fdg in this study ku/kp = 1.7 + 0.2).
In contrast, the deuterium isotope effect ka(kn/kp ~ 2.5)
was the same as that measured Kpandks; in this study
(ka/kp = 2.5 + 0.4 and 2.6+ 0.6, respectively). The
discrepancies may reflect differences betwBgnechocystis
and pea.

Before considering the mechanism of dkidation further,
we turn to estimations of thekp values of ¥; and D1-
His190.

Estimations of pK Values. (1) pK Value of ¥ in D1-
H190A PSII PreparationsThe percentage of D1-H190A
PSII particles having 8¢+ reduced rapidly (with k* < 3.5
us) increased dramatically above pH 9 with an apparkat p
value of~10.3 (Figure 8). In the presence of ethanolamine
or imidazole, this dramatic increase ir ¥xidation appeared
at substantially lower pH values, with the efficiency of Y
oxidation correlating with the solutioria value of the added
base. These data show that the oxidation efby Psgo™t
requires the deprotonation of;YIn the absence of D1-

propose that ¥ has the samely, value in Mn-depleted wild-
type* PSII particles as in D1-H190A PSII particleKp~
10.3), a value close to that of tyrosine in solution. Kap
value close to that of tyrosine in solution suggests that, in
Mn-depleted wild-type* PSII preparations,z¥s readily
accessible to solvent. Such facile solvent accessibility would
be consistent with our observation that exogenous bases
substantially acceleratedg reduction in Mn-depleted wild-
type* PSII particles (Figure 1). Facile solvent accessibility
to Yz in the absence of the Mn cluster is also consistent
with previous studies of Mn-depleted PSII preparations
showing that RO rapidly exchanges into the environment
of Yz (t12 < 1—2 min) (39, 40), that exogenous reductants
rapidly reduce ¥ (k= 10° — 10° M1 s71) (62—-65), and
that, in D,O buffers, multiple deuterons exchange into the
environment of ¥* (40, 66).

Our conclusion that ¥ has Ka ~ 10.3 in Mn-depleted
wild-type* PSII particles conflicts with UV difference spectra
recorded at pH 9 and pH 6.1 in Mn-depleted PSII particles
of Synechocystisp. PCC 6803 that lack ¥ (40). By
comparing the double difference spectrumz"(- Y z)pHo

4 Propagation ofC. reinhardtii cells in total darkness prevents
assembly and photoactivation of the Mn clusta4)(
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— (Yz* — Y2)pre.s With the spectra of tyrosine in water at  determined a i§a value of 7.0 in Mn-depleted PSII particles
pH 12 and 7.4, the authors of ré0 concluded that-60% isolated from pea 39). This value was obtained from
of Yz is in the tyrosinate form at pH 9. This corresponds to measurements ofgky™ reduction at 827 nm. The measure-
a pKa ~ 8.6. However, this analysis relies on assuming that ments were performed in the presence of 5 mM Ga@dt
the extinction coefficients for tyrosine and tyrosinate in PSII 5 mM MgCl,. We obtained a similar value of 6.9 in the
are the same as in water and that the spectrum fisy presence of 20 mM Cagbhnd 5 mM MgC} (Figure 6A).
independent of pH. As mentioned earlier, the lowelKpa value obtained in the
(3) pKa Value of D1-His190 in Mn-Depleted Wild-Type* presence of Cd and Mg" ions may be caused by partial
PSII Preparations The amplitude of the most rapid phase screening of electrostatic interactions between D1-His190
of Pegg'™ reduction in Mn-depleted wild-type* PSII particles, and nearby carboxylate residues.
ki, increased dramatically with pH, showing an appardt p Our pKa value of 7.5 contrasts with that of Diner and co-
value of 7.5 (Figure 4A). We propose that this is thé&, f workers, who recently estimated & pvalue of 8.3 in Mn-
D1-His190 and thak; represents the oxidation of,¥n the depleted PSII particles frorBynechocystisp. PCC 6803
presence of an unprotonated D1-His190.K¥\ walue of 7.5 (40). The difference between these estimatkgd palues was
is greater than that of histidine in solutionk(p 6.0). The not caused by the absence of ivi the previous study4(Q):
higher value in vivo could be caused by a hydrogen bond we found no difference between the pH dependenceddfP
between thedl nitrogen of D1-His190 and a nearby reduction in Mn-depleted PSII particles isolated from wild-
carboxylate residue. In many proteins, the basicity ofethe  type* cells or from D2-Y160F cells, which lackpy The
nitrogen of a histidine residue is increased by a hydrogen difference also was not caused by the presence or absence
bond between thé1 nitrogen and an Asp or Glu residue. of C&" ions because neither the previous d4@) (or ours
Examples are myoglobliré{), T4 lysozyme 68), the serine (Figure 2) was acquired in the presence of addett @ms.
proteasesq9, 70), and various metalloenzymeg1( 72). However, an important difference between the two studies
Alternatively, the higher i§a value could be caused by an is the method of data acquisition. In 0, the actinic flash
electrostatic interaction78—75) between D1-His190 and had a pulse fwhm of-1 us. The data were acquired at
nearby carboxylate residues that may ligate the Mn cluster discrete time points after the flash (at 1, 2, 3, 4, 6, 9, 12, 15,
in intact PSII preparations. Partial screening of these 20, 30, 40, 70, 95, 145, 195, and 298) and were fit with
electrostatic interactions could account for the shift of the two exponentially decaying phases. To approximate this

apparent K values ofky, k,, andks in the presence of Ca method of data acquisition and analysis, we extracted 17
and Mg ions (Figure 6, panels AC). In any event, alga AAg;; values from each trace in Figure 2 (the value at 160
value of 7.5 is not far from Iga values often found for  ns after the flash plus that at each time point listed above),
histidine residues in proteing ). then fit these values with two exponentially decaying phases.

An alternative assignment is thaf Yias a Ka ~ 7.5 (see The resulting analyses were similar to those presented in the
the discussions in ref39, 40, and77). Such a low Ka value previous study 40): the amplitude of the most rapidly
for tyrosine in proteins would not be unprecedented: in the decaying phase was70% of the total amplitude at all pH
H64Y mutants of sperm whale and horse heart myoglobin, values, the rate constant of this phase increased with pH with
Tyr64 ligates the heme and haskpvalue of 5.6 {8) and an apparent Iga value of 8.0 (compared to 8.3 in réf),

4.7 (79), respectively. These lowKp values have been the apparentiga value shifted to 8.3 in the presence of®
attributed to stabilization of the phenolate ion by a nearby (compared to 8.7 in refl0), and the magnitude of the
Arg residue and by the positively charged heme ird8).( deuterium isotope effedk./kp, showed the same dependence
However, no such charged groups are located neainY  on pL and could be fit with the same<p values (8.0 in
recent structural models of PSR&—29). Furthermore, if a H.0O and 8.55 in RO) as in refd0 (not shown). We conclude
low pKa value for Yz was caused by an intermittent that, because of the lower time resolution available to the
interaction between Yand D1-His190, as proposed in refs authors of ref40, the relatively pH-independent kinetic
40 and 77, then exogenous organic bases should lower the phasesk, k,, andks, were convoluted into a single kinetic
pKa value further. In contrast, thep value of 7.5 changed  phase that had a large apparent pH dependence. We believe
only slightly in the presence of 100 mM imidazole (Figure that our analysis (and oukp value of 7.5) is more accurate
6D), a concentration far above that required to acceleratethan that in re#40 because the higher time resolution of our
Pssg™ reduction (Figure 1A). A Ka of 7.5 for Yz would measurements permitted the resolution of additional kinetic
also conflict with our observation that bokh andk, show phases.

deuterium isotope effects above pH 7.5 (Figure 5). No Mechanism of ¥ Oxidation. (1) Oxidation of Yin O,-
deuterium isotope effect would be expected i i¥ depro- Evolving Wild-Type* PSllIn intact wild-type* PSII prepara-
tonated prior to the actinic flash. tions, the kinetics of B¢* reduction are multiphasic. The

The Ka value of 7.5 reported in this study agrees majority of phases have half-times of-200 and 106-300
favorably with values reported previously. Styring and co- ns, and the remainder have half-times ef®2and 26-40
workers recently determined &p value of 7.6 in thylakoid ~ us (38, 39, 41, 42, 80—86). The nanosecond phases exhibit
membranes isolated from dark-grotwvild-type cells of no deuterium isotope effec8®, 39, 41, 42), consistent with
Chlamydomonas reinhardtind attributed it to D1-His190 an electron-transfer rate limitation onzYoxidation. The
(34). This Ka value was obtained from measurements of nanosecond phases have been described in terms of nona-
the flash-induced yield of chlorophyél fluorescence. The  diabatic electron transfer theor$§g, 77, 87).
measurements were performed in the absence of addeéd Ca  In intact PSII preparations,Yand D1-His190 are believed
and Mg" ions, conditions similar to those employed in to interact via a strong hydrogen bontll( 58, 77, 88, 89).
Figure 4 of the present study. Junge and co-workers recentlySome authors have proposed that this bond is so strong that
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Yz is deprotonated at neutral pH valug¥,(88). However, increase iNAG* could slow the rate of proton tunneling by
this proposal conflicts with FTIR measurements showing that several orders of magnitudelq0, 103). Therefore, an
the 6)C—0O—H bending mode of ¥ (1255 cn?) is present elongated or angularly distorted hydrogen bond between Y
at pH 6.0 in PSII preparations that retain the Mn clus® (  and D1-His190 could explain the slowed oxidation of Y
91). Because of proton tunneling, the rate of proton transfer that is observed in the absence of the Mn cluster. A direct
in a conventional hydrogen bond is extremely rapid (pico- hydrogen bond betweenz¥and D1-His190 in Mn-depleted
seconds to nanoseconds), even in a hydrogen bond having avild-type* PSII preparations would be consistent with the
large Ka difference between hydrogen bond donor and interpretations of a recent FTIR stud91j. The authors of
acceptor 92, 93). Therefore, even if theKyn values of ¥z this study proposed that,Yforms a strong hydrogen bond
and D1-His190 are 10.3 and 7.5, respectively (vide supra), with a neutral histidine residue in a majority of Mn-depleted
the rate of proton transfer fromz#to D1-His190 in intact reaction centers at pH ®J).
PSII preparations should be much faster than the nanosecond Magnetic resonance studies show that the hydrogen bonds
phases of ¥ oxidation® Consequently, the existence of a formed by Y in the absence of the Mn cluster are
conventional hydrogen bond betweep ahd D1-His190 is heterogeneous compared to those formed by (40, 66,
consistent with an electron-transfer rate limitation op Y 104—106). A recent FTIR study shows that this heterogeneity
oxidation in intact PSIl preparations. This conclusion is applies to the hydrogen bonds formed by & well @1).
consistent with recent hybrid density functional calculations Therefore, both ¥ (91) and Yz* (40, 66) appear to have
on a phenol-imidazole hydrogen-bonded compl&d).( multiple hydrogen bond partners that may include water
Recently, the nanosecond phases gfP reduction have molecules or hydroxylated side chair)(66, 91). Never-
been proposed to occur in reaction centers where thetheless, the oxidation of Xrequires proton transfer to D1-
hydroxyl proton of Y; is either rapidly delocalized after His190 B0—36).
transfer to D1-His19089) or rapidly transferred from D1- As discussed above, an elongated or angularly distorted
His190 to the lumenal surface via one or more proton-transfer hydrogen bond betweenzYand D1-His190 could explain
pathways %8). In these reaction centers, D1-His190 is the characteristics of Yoxidation in the absence of the Mn
unprotonated &) and the amino acid residues within the cluster. However, recent ENDOR measurements detect no
proton-transfer pathways are in protonation states that are!>N couplings between ¥ and histidine in Mn-depleted PSlI
optimal for rapid proton transfe68). particles containing®N histidine (K. A. Campbell, R. D.
(2) Oxidation of ¥ in Mn-Depleted Wild-Type* PSlIn Britt, and B. A. Diner, personal communication). I and
Mn-depleted wild-type PSII preparations, the oxidation of D1-His190 are sufficiently close to interact via a hydrogen
Yz by Pssgt is slowed 16-1000-fold compared to the  bond,**N couplings to ¥* should be detected, even if no
nanosecond phases of ¥xidation in intact PSII preparations  hydrogen bond exists between and D1-His190. Therefore,
(Figure 2 and ref85, 37—40, and95—98). In principle, the the ENDOR data imply that no direct hydrogen bond exists
slowed rate of ¥ oxidation could be caused by an increase between ¥ and D1-His190 in the absence of the Mn cluster,
in the reorganization energy for electron transfer produced at least under the conditions of the ENDOR experiments.

by the increased solvent accessibility of; Y58, 87). To account for the ENDOR data, two alternate models are
However, the rate also shows a deuterium isotope effgtt, considered.
ko, of 2—3 (Figure 4 and ref87—40) and is substantially In one model [model A, originally proposed by Diner and

accelerated by the addition of imidazole and other exogenousco-workers 40)], the interaction betweenyand D1-His190
bases (Figure 1 and r&b). These observations show that is heterogeneous in the absence of the Mn cluster so that, in
the interaction betweenzYand D1-His190 is altered in the a significant percentage of reaction centers, ahd D1-
absence of the Mn cluster. The alteration could correspondHis190 form hydrogen bonds with other partners. In this
to an elongation or angular distortion of the hydrogen bond. model, the oxidation of ¥ is rate limited by the breaking

An elongation of a hydrogen bond between an OH group of these hydrogen bonds and the transient formation of a
and a nitrogen atom can increase the activation enex@)( hydrogen bond betweenzYand D1-His190 (reaction 6 of

for proton transfer by as much as 10 kcal/m@8,(99, 100 Figure 9). The other groups that donate hydrogen bonds to
(also see refl01). If the hydrogen bond is also distorted D1-His190 must havek values greater than 10.3. Other-

from its optimal geometryAG* can be even highel 00— wise, k; would increase substantially with pH because
102). Even when proton tunneling dominates, the rate of progressively fewer of these groups would be available to
proton transfer is exquisitely sensitiveAd*: a 5 kcal/mol compete with ¥ for D1-His190. In contrast, we find th&t

exhibits very little pH dependence between pH 7.5 and 10
51f the pKa values of ¥ and D1-His190 are 10.3 and 7.5, (Figure 5). Few residues withkp > 10.3 are found near
respectively, then the hydrogen bond is asymmetric 46d = 3.75 Yz in recent structural model26¢—29), but D1-GIn165 and

kcal/mol for proton transfer from X¥to D1-His190 NG, = —RTIn K, ; ; TN ; ;
eptide amide groups are possibilities. To reconcile this
whereK = 10*PKa and ApKA = (pKA[ACCEPTOR] - pKA[DONOR])]. For a p p g p p

symmetric hydrogen bond (a hydrogen bond with no free energy Model with the ENDOR data cited in réD, thg percentage
difference between the minima of the donor and acceptor potential wells, of Yz that forms a hydrogen bond to D1-His190 must be

l.e., with AG, = 0) with an activation energyAG") of 7 kcallmol,  yery small at the cryogenic temperatures employed for the
proton transfer takes place in picosecon@?, (93). In a highly ENDOR experiments

asymmetric hydrogen bond withG, = 7.5 kcal/mol andAG* = 11.5 . : .

kcal/mol, proton transfer takes place in nanoseco@8s (n the latter In an alternative model (model B), the distance between

case, proton tunneling takes place from an excited vibrational level. Y, and D1-His190 increases substantially in the absence of

Note that this hydrogen bond is considerably more asymmetric than
that between ¥ and D1-His190. Consequently, proton transfer in this the Mn cluster (&5 A) So that the hydrogen bond between

hydrogen bond would be expected to take place more slowly than these two residues is |0_5t (Figure 10). In thi_s model, proton
between ¥ and D1-His190. transfer from ; to D1-His190 takes place via a hydrogen-
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Ficure 10: Proposed environment of,Y161) and D1-His190 in Mn-depleted wild-type* PSII particles. The apparkptyalues of Yz,
D1-His190, and groups proposed to interact with D1-His190 are indicated. (Left panel) The deprotonatiprisdadilitated by the

transient formation of a chain of hydrogen-bonded water molecules linkingith D1-His190 g ~* = 0.25-0.7 us), in analogy to the

situation in carbonic anhydrase (see text). (Center panel) The deprotonation of D1-His190 is facilitated by a hydrogen bond to a nearby
group having Ka ~ 6.25 (depicted as one of a pair of interacting carboxylate groups). (Right panel) The deprotonation of D1-His190 is
facilitated by hydrogen bonds to one or more nearby groups haWpgrp4.

bonded chain of at least two water molecules that transiently However, this interpretation conflicts with that offered in
connects ¥ with D1-His190. This chain facilitates the ref 91

deprotonation of ¥ and gives rise td, (Figure 10A). An It should be possible to discriminate between models A
analogous situation is found in carbonic anhydrase, wheregng B by performing a detailed proton inventory analysis
the distance between the proton donor (His64) and the protongn the rate of Rg™* reduction measured in mixtures ob®
acceptor (a Zn-bound hydroxyl group) in the active site is and DO (53, 122, 123. Such an analysis reveals the number
~8 A (107-110. In this system, the overall activation of protons involved in the transition state. The rate gfP
energy for proton transfer is dominated by the energy reduction would be plotted as a function of the atom fraction
required to properly orient the proton donor, the proton of deuterium in solution. If proton transfer from;Yo D1-
acceptor, and a hydrogen-bonded water chain that thatHis190 is direct, involving the movement of a single proton
transiently connects donor with acceptd0§ 110-114). in the transition state (model A), then this plot will be linear.
The actual rate-limiting step in this system may be proton |f proton transfer takes place via a hydrogen-bonded water
transfer to the first water molecule in the transiently chain, involving the movement of two or more protons in
connected hydrogen-bonded water chdifg 112 115— the transition state (model B), then this plot will bulge
117). This proton-transfer process has been describh@d (  downward. In carbonic anhydrase, a proton inventory
110-114) in terms of Marcus proton transfer theord/10, analysis ruled out direct proton transfer between His64 and
118-120). In this theory, both the rate and the deuterium the Zn-bound hydroxide and supported mechanisms involv-
isotope effect for proton transfer show parabolic dependen-ing a hydrogen-bonded chain of water molecule24( also
cies on theApKa between the proton donor and acceptor see refsl12and125).

(110, 121). The widths of these parabolic curves and the |, poth models, the oxidation of Mequires the reorienta-
values of the rate constants and deuterium isotope effects atjon of water molecules and/or amino acid side chains. These
their maxima depend on the overall activation energy of the yegrientations could account for the large activation energy
proton transfer reaction. For carbonic anhydrase, this includesfor v, oxidation measured in Mn-depleted PSII preparations
the energy required to properly orient the hydrogen-bonded (39, 87, 96) compared to that measured in intact PSII
water chain. In Mn-depleted wild-type* PSII particles, the preparations§3). Indeed, ¥ oxidation is “frozen out” at
overall activation energy for proton transfer from % D1- ~250 K in Mn-depleted PSII preparatior6j, whereas ¥
His190, including the energy required to properly orieat Y  oxidation occurs at temperatures as low-d90 K in intact
D1-His190, and a hydrogen-bonded water chain, would pS|| preparations, at least during the-S S, transition (.26,
undoubtedly differ from that in the most thoroughly analyzed 127). A “freezing out” of the proton-coupled electron-transfer
mutant of carbonic anhydras#Qg 110, 111). However, if  reactions of ¥ at~250 K would be consistent with charge
the activation and reorientation energies in this mutant were recombination between £ and Yz being the source of
the same as those in Mn-depleted wild-type* PSII particles, the thermoluminescence tAband in Mn-depleted PSII
then the difference in values between Yand D1-His190 preparations, as discussed previoud§% G. W. Brudvig,
(PHacceptorMinus pHionor ~ —2.8) would yield a deuterium  personal communication]. The thermoluminesceng®#nd
isotope effect o~~2.1 (110 111) (see Figure 4 of re111). forms maximally at~250 K (128 (for review of the
Our value of 1.7 0.2 fork; is consistent with this analysis.  controversy surrounding the origin of the: Aand, see refs
Model B is consistent with the ENDOR data at all 3and129).
temperatures. This model would be consistent with the FTIR  (3) Slower Phases of & " Reduction.In intact PSlII
data Q1) if Y z forms a hydrogen bond with a water molecule preparations, the microsecond phases g P reduction
in a majority of reaction centers, rather than with histidine. exhibit significant deuterium isotope effec#&2( 130). The
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relative amplitudes of these phases increase markedly belowphase ks, with ks~* = 20—40 us), present maximally at pH
pH 6 and the half-time of one phase increased frofus ~5 (Figure 4C), that we attribute to\oxidation in a fraction
at pH 6 to 30-40us at pH 4.5 82). These phases have been of reaction centers. One possible explanation is that, in
postulated to represent either (i) relaxation processes involv-Chlamydomonasind pea, the group havingKkp ~6.25,
ing proton movements that shift the equilibriumsd® Y postulated to exist in the previous paragraph, is not present
< Psgo YZ°, further to the right 42, 89, 130) or (ii) rate- or is positioned unfavorably with respect to influencingsP
limiting deprotonation events in proton pathways branching reduction. Perhaps this group is one of a pair of carboxylate
from D1-His190 68). In the former model, the relaxation residues that interact strongly 8ynechocystit raise one
processes take place in all reaction centers and corresponaf their pKa values (e.g., see the appendix of rE32)
to rearrangements of a hydrogen bond network that includesbut that do not interact strongly i€hlamydomonasor
Yz and D1-His19089). In the latter model, the deprotonation pea®
events occur in a fraction of reaction centers: those with  (4) Exogenous Organic Baseghe slower components of
proton pathways whose protonation states at the time of thePggg™ reduction (e.g.ks andks) vanished in the presence of
actinic flash are suboptimal for rapid proton transfer from exogenous organic bases (Figure 1 and panels E and F of
D1-His190 to the lumenal surface of PSI58]. These Figure 6). Imidazole, 1-methylimidazole, and histidine ac-
protonation states are likely to equilibrate with the lumen celerated Bg™ reduction by increasing the amplitude lof
on a much slower time-scale than the nanosecond phases oét the expense oks and ks, whereas Tris increased the
Pssg™ reduction 68) because protonation/deprotonation amplitude ofk;. Perhaps low concentrations of Tris facilitate
events at the protein/water interface generally take place inthe deprotonation of ¥directly, whereas low concentrations
microseconds or sloweQ1, 131). Below pH 5, Rgs'™ is of the other bases facilitate mainly the deprotonation of D1-
reduced by @ in a significant fraction of intact PSIl  His190. Imidazole, 1-methylimidazole, histidine, and Tris
reaction centersdg, 84, 89). This apparent inhibition of ¥ exhibited half-saturation values 6#4, ~4, <1, and~7 mM
oxidation below pH 5 in intact PSII preparations has recently respectively (Figure 1 and panels-B of Figure 6). One
been attributed to the protonation of D1-His18)( possibility is that these represent tigvalues for these bases
The relaxation processe$Z 89, 130) and proton-transfer  binding in the vicinity of D1-His190 or ¥. However, an
pathways %8) that are postulated to exist in intact PSIl alternate possibility is that these bases reach D1-His190 or
preparations may also exist in Mn-depleted PSII preparations.Yz via a small-diameter channel and that the passage of
Therefore, the slower phases ofsf reduction in Mn- exogenous bases through this channel is rate-limited by the
depleted wild-type* PSII particles (e.gk, and ks) may reorientation of one or more amino acid side chains. This
represent relaxation processes or deprotonation events fatype of “gated entry” was suggested to govern the access of
from Yz. However, if D1-His190 hasi ~ 7.5 (vide supra), most exogenous bases tg i D1-His190 mutants35) and
it seems likely thak, andk; represent ¥ oxidation that is is believed to govern the incorporation of Tunto apo-
rate limited by the deprotonation of D1-His190 when this plastocyanin 136) and apo-azurin137). In these proteins,
residue is protonated at the time of the actinic flash. The the entry of C&" into its binding site is believed to be rate
amplitudes ofk, and ks appear to be inversely correlated limited by the reorientation of a specific histidine residue.
(Figure 4, panels B and C) and the pH dependence of theThe rate of entry shows a hyperbolic dependence ott Cu
amplitude ofks could be fit with a single proton titration  concentration that involves rapid binding of Cuo the apo-
curve having BKa ~ 6.25 (Figure 4C). Therefore, the protein followed by the rate-limiting conformational change
protonation state of a single residue may differentiafeom that permits entry into the Cti site (138).
ks. One possibility is that the protonated form of D1-His190
forms a weak hydrogen bond to a nearby group haviigp CONCLUDING REMARKS

~ 6.25 (depicted as one of a pair of interacting carboxylate  \ye conclude that the hydrogen bond betweeraid D1-
residues in Figure 10B). This hydrogen bond could facilitate ;5190 @1, 58, 89) is disrupted in the absence of the Mn

Yz oxidation by facilitating the deprotonation of D1-His190. |uster. A similar disruption of hydrogen bonding between
In this model, the rate of ¥oxidation would be determined Y, and D1-His190 may occur in samples depleted cf'Ca
by k; and the ratio of the acid dissociation constants of D1- (139, 140 or treated with high concentrations of acetatéX(
His190 and the nearby group, so that= ky X 10°*/(1 + 142). Both treatments dramatically slow the oxidation of Y
10%%) ~ kg x 104, where ApKa = (6.25-7.5). This v p«+ |n the absence of the Mn cluster, the oxidation of

relationship holds within a factor of 2 at pH values where v, gjther occurs as a concerted electron/proton-transfer event
bothki, andk, were measured with the greatest accuracy (PH o s rate limited by the deprotonation ofYin either case,

7—8, Figure 5). At lower pH values, when the group having the rate-limiting step may involve the transient formation of
pKa ~ 6.25 is protonated, D1-His190 may form weak 4 hydrogen bond or a hydrogen-bonded water bridge between
hydrogen bonds to other groups havingap= 4.5 (Figure v, ‘and D1-His190. The slower phases afd® reduction
10C). These hydrogen bonds may also facilitate the depro-(e ¢k, andks) probably correspond to the deprotonation of
tonation of D1-His190, giving rise tks. The protonation of  p1_His190 in reaction centers having this residue protonated

thesE groups may effectively block the oxidation of by at the time of the actinic flash. As a simple model, D1-His190
Pesd™, 50 that the latter is reduced byQin a majority of s proposed to interact with nearby residues havig, p
reaction centers at pH4. values near 6 and 4. Because ¥ located near the Mn

Both Junge and co-worker8%) and Styring and co-

o+ - i
workers B4) reported that By was reduced by £ in 6 Complex titration behavior for multiple interacting carboxylic acid

significant percentages of Mn-depleteo_l reaCt_ion centers atyesidues has been predictdd,(75) and observedi33—135) in reaction
pH <5.5. In contrast, we observed a third rapidly decaying centers fromRhodobacter sphaeroides
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cluster (L4—16), these residues may ligate the Mn cluster in
intact PSII preparations. The identity of these residues, and
the residue that may accept a hydrogen bond frométhe
nitrogen of D1-His190, might be determined by analyzing
the pH dependence ofs* reduction in PSIl particles
isolated from site-directed mutants. These residues may be
among those predicted to be neag i recent modeling
studies 26—29) or shown to influence the Mn cluster in site-
directed mutagenesis studies (e.g., 188543, and 143—
147). Such residues include D1-GIn165, D1-Asp170, D1-
Glul89, D1-His332, D1-Glu333, D1-His337, and D1-
Asp342.
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