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Ions are prevalent in cellular environments, and cells have well-
regulated mechanisms for their transport across cell mem-

branes. Because of their widespread availability, it is common to
see ions playing a role in protein function. Metal ions are
commonly involved in a variety of important functions in
proteins such as protein folding and catalysis; however, use of
inorganic anions, particularly Cl�, for protein function is rare.
Examples of Cl� in biological systems include the Cl� channel
important in muscle function and signal transduction, and the
bacterial chloride pump, halorhodopsin, which helps maintain
the osmotic balance for halobacteria living in saturated salt
solutions.1�3 Although examples of Cl� regulating enzyme
function are scarce, photosystem II (PSII), angiotensin-convert-
ing enzyme (ACE), and some Cl�-dependent R-amylases are all
activated for enzyme turnover by bound Cl�.4�8 The role of Cl�

as an essential cofactor for oxygen evolution in PSII has been a
subject of investigation for nearly 70 years, yet the mechanism by
which Cl� activates the catalysis of water oxidation is undeter-
mined. In this review, we discuss the role of Cl� in Cl�-
dependent R-amylases and ACE to gain insight into the mechan-
ism by which Cl� activates PSII. We then propose a mechanism
for the function of Cl� in PSII based upon the recent structural
characterizations of the Cl�-binding sites in PSII. A detailed
reviewwith a comparison of Cl� in PSII with other Cl�-requiring
enzymes has been published by W. J. Coleman.9 However, with
new structural information about the location of Cl� in PSII,
novel mechanistic insights into the role of Cl� in PSII can now be
gained by such a comparison.

’CHLORIDE IN R-AMYLASES

R-Amylase catalyzes the hydrolysis of internal R(1,4)-glyco-
sidic bonds with net retention of the anomeric configura-
tion in starch, amylase, amylopectin, glycogen, and other
polysaccharides.10,11 Cl� induces an allosteric activation in some
R-amylases, including the bacterial R-amylase from Alteromonas
haloplanctis.10,12,13 Removal of Cl� by dialysis or gel filtration
results in total inactivation of the enzyme, which is fully
recovered by the addition of Cl�, Br�, and to a lesser extent I�

and some other monovalent anions (Table 1).14 However, the
activities ofR-amylases from some other species are independent
of Cl�.

The Cl�-binding site of Cl�-dependent mammalian pancrea-
tic and salivary R-amylases is composed of R195, N298, R337,
and a water molecule (Figure 1).15�17 These protein ligands to
Cl� are part of highly conserved regions of Cl�-dependent R-
amylases.18 In A. haloplanctis, the Cl�-binding site contains a
lysine residue in place of R337.14 Interestingly, the basic lysine or
arginine residue is not present in Cl�-independent R-amylases.
R-Amylase from Bacillus is a Cl�-independent R-amylase; the
primary difference between the sequence of R-amylase from
Bacillus and the sequences of Cl�-dependent R-amylases relat-
ing to the Cl� requirement is the K/R337Q substitution in
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ABSTRACT: Chloride-dependent R-amylases, angiotensin-
converting enzyme (ACE), and photosystem II (PSII) are
activated by bound chloride. Chloride-binding sites in these
enzymes contain a positively charged Arg or Lys residue crucial
for chloride binding. In R-amylases and ACE, removal of
chloride from the binding site triggers formation of a salt bridge
between the positively charged Arg or Lys residue involved in
chloride binding and a nearby carboxylate residue. The mechan-
ism for chloride activation in ACE and chloride-dependent R-
amylases is 2-fold: (i) correctly positioning catalytic residues or
other residues involved in stabilizing the enzyme�substrate complex and (ii) fine-tuning of the pKa of a catalytic residue. By using
examples of how chloride activates R-amylases and ACE, we can gain insight into the potential mechanisms by which chloride
functions in PSII. Recent structural evidence from cyanobacterial PSII indicates that there is at least one chloride-binding site in the
vicinity of the oxygen-evolving complex (OEC). Here we propose that, in the absence of chloride, a salt bridge between D2:K317
and D1:D61 (and/or D1:E333) is formed. This can cause a conformational shift of D1:D61 and lower the pKa of this residue,
making it an inefficient proton acceptor during the S-state cycle. Movement of the D1:E333 ligand and the adjacent D1:H332 ligand
due to chloride removal could also explain the observed change in the magnetic properties of the manganese cluster in the OEC
upon chloride depletion.
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Bacillus.14 36Cl� binding experiments show that Cl� is not bound
in K337Q R-amylase from A. haloplanctis, and the activity of this
mutant is consequently independent of Cl�.14

Similarly, a series of mutants, R195A, R195Q, R337A, and
R337Q, of human pancreatic R-amylase (HPA) did not show
binding of Cl�.19 Crystal structures of these mutant enzymes
showed no significant structural changes compared to the wild
type.19 However, the R195 mutations resulted in Cl� indepen-
dence, a 20�450-fold decrease in activity, and a shift of the pH
optimum to a more basic pH.19 Besides being a ligand to Cl�,
R195 is also directly hydrogen bonded to two catalytic residues
in the active site, Asp197 and Glu233. The active site of R-
amylases contains a catalytic triad: Asp197, Glu233, and
Asp300. Asp197 acts as the catalytic nucleophile; Glu233 acts
as the general acid catalyst, and Asp300 is involved in stabilizing
the conformation of bound substrates.20,21 Therefore, mutation
of R195 affects aspects of catalysis, in addition to the Cl�

binding properties of the enzyme. The mutation of R337, which
is located at the bottom of the Cl�-binding pocket and does not
interact with the catalytic residues in the presence of Cl�, also
results in a loss of Cl� dependence. However, because of its
location, there is an only 2-fold decrease in activity in R337
mutants, and the pH profile is similar to that of wild-type
HPA.19

For wild-type R-amylase from A. haloplanctis, removal of Cl�

shifts the optimal pH for activity from 7.4 to 6.2. TheKm value for
wild-type R-amylase activity is independent of Cl� concentra-
tion, but there is an ∼10-fold decrease in the kcat of the enzyme
upon removal of Cl�.14 The activity of R-amylase from A.
haloplanctis is supported by different anions: Cl� > Br� >
NO2

� > HCOO� > I� > NO3
� > ClO3

� > CNO� > SCN�

> CH3COO
� > F� > SO4

2� (Table 1).14 All activating anions,
with the exception of CH3COO

� and F�, induce the same shift
in the optimal pH for activity in the presence and absence of an
anion.14 The Cl�-independent K337Q mutant from A. halo-
planctis also has an optimal pH for activity of pH 7.6 regardless of

the presence or absence of Cl�. Additionally, the optimal pH for
activity in the Cl�-independent R-amylase from Bacillus, which
contains Gln in place of Lys/Arg337, is shifted to a more alkaline
pH. This indicates that the catalytic mechanism is inhibited in
Cl�-dependent wild-type R-amylases when the positively
charged side chain (Arg/Lys337) is not neutralized by an
anion,14 suggesting that the pKa of one or more catalytic residues
is fine-tuned for maximal activity when Cl� is shielding these
residues from the electrostatic influence of the protonated Arg/
Lys337 residue.

Among the catalytic residues, E233 is closest to bound Cl�

and is most likely affected by its removal (Figure 1). Several
experimental arguments suggest that in Cl�-dependent R-amy-
lases, Cl� allows E233 to be protonated at the pH of maximal
enzymatic activity.14 The shift of pHopt, pKapp, and the simulta-
neous activation upon Cl� binding are explained by an alkaline
shift in the pKa of E233.

There is structural evidence that directly supports this
observation. The N298S mutant of HPA also requires Cl� for
maximal activity. However, this mutation shifts the Kd of Cl

�

from 0.52 mM in wild-type HPA to 168 mM in N298S HPA,
allowing structural studies of this variant enzyme in the
presence and absence of Cl�. When the sites are occupied by
Cl�, positioning of amino acid residues in the Cl�-binding site,
as well as the catalytic carboxylate residues, is similar for both
wild-type and N298S HPA (see Figure 1). In N298S HPA,
S298, R195, D197, and R337 maintain the same position in the
absence of Cl�, but E233 and D300 move toward the vacant
Cl� site (see Figure 1). The conformational shift of E233 is
more pronounced than that of D300 because it rotates into
the Cl� site to form a salt bridge with the positively charged
R337 residue (see Figure 1). Formation of a salt bridge bet-
ween E233 and R337 will lower the pKa of E233. Besides tun-
ing the pKa of E233, the occupancy of the Cl

� site allows for
the correct positioning of the E233 and D300 residues required
for high activity.

Table 1. Comparison of Activating Monovalent Anionsa That Compete for the Chloride Site in r-Amylase, ACE, and PSII14,25,48

Cl�-activated enzyme competitive activators

R-amylase Cl� > Br� > NO2
� > HCOO� > I� > NO3

� > ClO3
� > CNO� > SCN� > CH3COO

� > F� > SO4
2�

ACE Cl� > Br� > F� > NO3
� > CH3COO

�

PSII Cl� > Br� . NO3
� > NO2

� > I�

aAnions are ranked according to the efficiency with which they can replace chloride functionally.

Figure 1. (A) Cl�-binding site occupied by Cl� in wild-type human pancreatic R-amylase (HPA), (B) Cl�-binding site occupied by Cl� in the N298S
variant of HPA, and (C) vacant Cl�-binding site in the N298S variant of HPA. Panels A�Cwere created from Protein Data Bank entries 1HNY (1.80 Å
resolution), 1XH1 (2.03 Å resolution), and 1XGZ (2.00 Å resolution), respectively.
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’CHLORIDE IN THE ANGIOTENSIN-CONVERTING
ENZYME

ACE, a type I membrane-anchored dipeptidyl carboxypepti-
dase, is essential for blood pressure regulation and electrolyte
homeostasis as part of the renin�angiotensin�aldosterone
system.22 The two isoforms of ACE are transcribed from the
same gene in a tissue-specific manner.22 Germinal ACE
(90�110 kDa) contains a single Zn2þ active site. Somatic
ACE (150�180 kDa) consists of homologous N and C domains,
each containing a Zn2þ active site,23 with the C-terminal domain
corresponding to the germinal form of ACE.22 The N and C
domains have different substrate specificities, inhibition and Cl�

activation profiles, and physiological functions.24

In somatic ACE, Cl� activates hydrolysis by ACE in a
substrate-dependent manner.25,26 At pH 7.5, activity toward
angiotensin I, a physiological substrate, cannot be detected
without added Cl� and reaches a maximum at 200 mM Cl�.25

However, bradykinin, another physiological substrate, is hydro-
lyzed in the absence of added Cl�, and maximal activity is
observed at 20 mM Cl�.25 The C domain active site in somatic
ACE, corresponding to the germinal form of ACE, is highly
dependent on Cl� concentration, whereas the N domain is still
active in the absence of Cl� and is fully activated at very low Cl�

concentrations.27

Somatic ACE-catalyzed hydrolysis is activated by monovalent
anions in the following order: Cl� > Br� > F� > NO3

� >
CH3COO

� (Table 1).25 Removal of Cl� by extensive dialysis
results in inactivation of the C and N domains, which can be
reactivated by addition of Cl� and other halides.28 The C domain
can be fully reactivated not only by Cl� but also by F�, Br�, and
I� and shows an inverted bell-shaped relation between ionic size
and Kd,app for halides.

28 Cl� and Br� are the most tightly bound;
I� and F� have a 10�100-fold lower affinity.28

Human testicular ACE (tACE) is a germinal-type ACE with a
single Zn2þ active site and corresponds only to the C-terminal
domain of the somatic ACE. tACE contains two buried chlorides
separated by 20.3 Å22 (Figure 2). The two Cl� ions are 20.7 and
10.4 Å from the Zn2þ of the active site, respectively.22 The first
Cl� ion (Cl1) is bound to four ligands (two Arg residues, a Trp,
and a water) and is surrounded by a hydrophobic shell of four
Trp residues.22 The second Cl� ion (Cl2) forms an ion pair with
an Arg residue, R522.22 R522 is crucial for the Cl� dependence of
ACE. It was shown that mutation of R1098, the analogous
residue in the C domain of somatic ACE, to a glutamine led to
a loss of the Cl� dependence of activity.28 R522 lies on the same
helix as two other residues (Y520 and Y523) that interact with
the substrate (Figure 3).

Tzakos et al.29 have proposed that the removal of Cl� triggers
structural changes in the residues around the substrate-binding
site (Figure 3). Without chloride, R522 forms a salt bridge with
D465, causingmovement of Y523 and Y520 away from the active
site, where they are unable to stabilize the enzyme�substrate
complex.29 In the presence of Cl�, the salt bridge between R522
and D465 is prevented because of ion pairing between Cl� and
R522, allowing Y523 to move toward the catalytic center and
stabilize the enzyme�substrate complex.29

’CHLORIDE IN PHOTOSYSTEM II

Photosystem II (PSII) catalyzes light-driven water oxidation
in all oxygenic photosynthetic organisms. The active site of the
enzyme, the oxygen-evolving complex (OEC), is an oxo-bridged

Mn4Ca cluster arranged in a Mn3CaO4 cuboidal framework with
a “dangling Mn” attached via a μ-oxo group.30 During turnover,
the OEC progresses through a series of oxidation states, known
as S states. The OEC is sequentially oxidized from the S0 state,
the most reduced state, to the S4 state, the most oxidized state,
using photonic energy. Transfer of photon excitation energy to
the reaction center chlorophyll, P680, triggers a series of electron-
transfer events in PSII. In its excited state, P680* donates an
electron to a membrane-bound quinone, QA, via a pheophytin
cofactor. Because of that, a stable charge separation is formed
between P680

þ• and QA
�•. The OEC is oxidized by the P680

þ•

radical via a redox-active tyrosine residue, YZ. Following four
sequential oxidations of the OEC from the S0 state to the S4 state,
the OEC is capable of splitting water into O2, four protons, and
four electrons. The OEC and the cofactors involved in electron
transfer can be divided into the “donor side” and the “acceptor
side” of PSII. The electron donor side consists of the OEC, YZ,
and all the cofactors that reduce P680

þ•. The electron acceptor
side consists of the cofactors involved in the transfer of electrons
from P680 to the terminal electron acceptor quinone in PSII, QB.
A non-heme ferrous ion, whose physiological function is still unclear,
lies between QA and QB. The non-heme iron has a bicarbonate
ligand that can be substituted with other anions,31�37 and thus, it
may play a role in some of the anion effects observed for PSII.

It has been long known that Cl� is essential for maximal O2-
evolving activity in PSII,5,6,38 with a stoichiometry of approxi-
mately one high-affinity Cl� ion per PSII determined by ana-
lyzing 36Cl�-labeled PSII.39 Recently, the locations of two
chloride ions near the OEC have been identified by X-ray
crystallography,40�42 as discussed below. However, the role of
chloride in activation of the OEC is not clear. By using the well-
characterized examples of how chloride activates R-amylases
and the angiotensin-converting enzyme discussed above, we can
gain insight into the potential mechanisms by which chloride

Figure 2. Location of two Cl�-binding sites (C11 and C12, green
spheres) in the crystal structure of human tACE. Cl1 and Cl2 are 20.7
and 10.4 Å from the Zn2þ (blue sphere) in the active site, respectively
(distances depicted with dashed lines). This figure was created from
Protein Data Bank entry 1O86 (2.00 Å resolution).
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functions in PSII. We begin with an overview of past studies of
chloride in PSII and then propose a mechanism for the function
of chloride in PSII that unifies these observations.

The first reports of the effects of Cl� depletion on PSII noted
that it reduced the level of steady-state turnover.5,43 Additionally,
the Kd of Cl

� varies in the presence and absence of the extrinsic
subunits, PsbP and PsbQ, and depending on the Cl� depletion
procedure. In the presence of PsbP and PsbQ, Cl� is tightly
bound with a Kd of 20 μM whereas Cl� is bound more loosely
with a Kd estimate of∼1�2 mM in their absence.44,45 When Cl�

was removed by dialysis, under conditions under which both
PsbP and PsbQ remain bound, a Kd of ∼500 μM was observed
for Cl� binding, which returned to a tight binding with a Kd of
20 μM when the dialyzed sample was incubated with Cl� in
darkness.44 More recently, it has been noted that the quantum
efficiency of the oxygen-evolving reaction is unchanged in Cl�-
depleted PSII membranes compared to that in untreated PSII
membranes.46

Some of the wide range of monovalent anions that compete
for the Cl�-binding site in PSII are also activating, but to a lesser
extent than Cl�.47 Oxygen-evolving activity under saturating
light intensity in Cl�-depleted PSII has been recovered in the
following order: Cl� > Br� . NO3

� > NO2
� > I� (Table 1).48

Br� substitutes almost identically for Cl�. In Br�-substituted
PSII, slightly lower rates of steady-state activity are reported, and
the rates of substrate water exchange are decreased.5,41,49,50 I� is
activating at low concentrations and becomes inhibitory at higher
concentrations, possibly by reducing the OEC.41,46,51,52 The
activity of oxygen evolution restored by NO3

� is almost as high
as that restored by Cl� when measured under limited light
conditions.51 Hence, NO3

�-substituted PSII is also fully active in
oxygen evolution, although it has a slower turnover rate. It has
been shown that NO3

� specifically decelerates the transition
from S3 to S0.

53 Although NO2
� has been reported to be activat-

ing in Cl�-depleted PSII, competition of NO2
� for the Cl� site

has not yet been studied.48 However, there is evidence that
NO2

� inhibits PSII function.54,55 Thermoluminescence investi-
gations in spinach thylakoids with or without exogenous Cl�

added during the preparation indicated that NO2
� interacts with

the OEC, potentially modifying the S2 state.
56

Besides the activating monovalent anions, several anions and
primary amines compete for the Cl� site and are inhibitory with
respect to oxygen evolution. These include the inhibitory anions
F�, N3

�, and CH3COO
�57�59 and the primary amines NH3,

CH3NH2, CH3CH2CH2NH2, and (CH2OH)3-C-NH2.
60�62

The level of competition of amines with Cl� increases with the
increasing basicity of the amine; a linear relationship is observed
between the pKa values of the amines and their apparent binding

constant in thylakoid membranes.61 A second Cl�-insensitive
site is also present for ammonia binding.60,63�65

Flash-based UV�visible spectrophotometric measurements
of PSII at 295 nm indicate that Cl� is required for the S2 to S3 and
S3 to S0 transitions, but not for the S0 to S1 and S1 to S2
transitions.66 Even though the S1 to S2 transition is allowed in the
absence of Cl�, S2/S1 FTIR difference spectra of PSII mem-
branes showed differences in structural changes in the S1 to S2
transition in the presence and absence of Cl�.51 Depletion of Cl�

resulted in the disappearance of a large part of the amide I and
amide II vibrational modes and induced characteristic changes in
the symmetric carboxylate modes. This suggests that structural
changes of a carboxylate ligand to the OEC and the protein
backbone are different in the presence and absence of Cl� when
the OEC advances from the S1 state to the S2 state. Normal
spectral features were largely restored by the replenishment of
Cl�.
Location of the Cl�-Binding Site(s) in Photosystem II.Until

recently, none of the published crystal structures had resolved the
Cl� ion(s); however, the location of Cl� binding has been
probed by continuous wave (CW) EPR, ESEEM, and XAS
techniques. Acetate binds to PSII in the Cl�-binding site on
the donor side as well as to the non-heme iron on the acceptor
side.59 CW EPR measurements of deuterated acetate-treated
PSII membranes in the S2YZ

• state suggested that acetate bound
on the donor side is in the proximity (3.1 Å) of YZ.

67 Further-
more, ESEEM experiments with deuterated acetate-treated PSII
in the S2YZ

• state indicated that the deuterons substituted for the
methyl protons of acetate could be 3�5 Å from Mn.68 These
results were interpreted as evidence that Cl� is close to YZ and is
a direct ligand to one of the metal ions in the OEC.
Because Br� can functionally replace Cl� in PSII, Br�-

substituted PSII from spinach was studied by XAS at the Br
K-edge to probe the Cl�-binding site of PSII in the S1 state of the
OEC.69 Br� absorbs at relatively high energies with weak back-
ground absorption by water, and high-quality XAS spectra can be
recorded even with micromolar concentrations of PSII.69 EXAFS
analysis provided evidence that at least one metal ion, which may
be Mn or Ca, is ∼5 Å from Br�.69 This provided an argument
against the popular hypothesis that Cl� is a ligand to one of the
metal ions of the OEC.
More recently, structural studies using X-ray crystallography

have been conducted to identify the Cl�-binding site(s) in PSII,
as shown in Figure 4. Two studies have identified two Cl�-
binding sites, whereas one study identified only one of the two
Cl�-binding sites.40�42 Both sites are approximately 6�7 Å from
the metal ions in the OEC and 12�15 Å from YZ.

40�42 One
complication is that the large doses of X-rays used to obtain the

Figure 3. Mechanism proposed by Tzakos et al.29 for activation of the C domain of ACE by Cl� in the Cl2 site (A) and deactivation upon its removal
(B), including formation of a salt bridge indicated by a dashed line and movement of residues indicated by arrows. This figure was created from Protein
Data Bank entry 1O86, where lisinopril is the bound substrate in human tACE.22
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diffraction data result in chemical reduction of Mn in the OEC
and cause structural changes during the X-ray diffraction mea-
surements in the immediate vicinity of theOEC.70 As a result, the
X-ray crystal structure of the OEC obtained for the dark-stable S1
state may bemore relevant to the structure of a lower S state, such
as the S0 or S�1 state. Nonetheless, these studies suggest that Cl

�

is not a ligand to one of the metal ions in the OEC and is rather
distant from YZ.
Murray et al.40 used bromide anomalous X-ray diffraction

analyses to locate Cl�-binding sites in PSII isolated from the
cyanobacterium Thermosynechoccus elongatus. Two different
methods were used to obtain Br�-substituted PSII. In the first
method, cells were grown in medium in which Cl� was totally
replaced with Br�, and all buffers used for isolation of thylakoids
and purified PSII core complexes contained Br� in place of Cl�.
In the second method, cells were grown in Cl�-containing media
and protein purification was conducted in the presence of Cl�.
Exchange of Br� for Cl� was done by incubating isolated PSII
core complexes on ice for 30 min in the presence of 200mMBr�.
X-ray data sets collected for crystals obtained from physiologi-
cally Br�-substituted PSII and Br�-infiltrated PSII were used to
identify the Br�-binding sites. Anomalous X-ray diffraction of
physiologically Br�-substituted PSII crystals and Br�-infiltrated
PSII crystals produced consistent results indicating two Br�-
binding sites in PSII. Site 1 is close to the terminal nitrogen of
D2:K317 and the backbone nitrogen of D1:E333, and site 2 is in
the vicinity of the backbone nitrogens of D1:N338 and CP43:
E354. Both of these sites are outside the first coordination sphere
of the Mn and Ca ions of the OEC and support the idea that Cl�

is not a ligand to one of themetal ions in theOEC.On the basis of
the positioning of the Br� sites (and hence the Cl� sites) close to
the postulated hydrophobic channels, the authors suggest that
Cl� facilitates the access of substrate water to and removal of
protons from the OEC.
Kawakami et al.41 also substituted Br� and I� for Cl� in

purified PSII cores isolated from the cyanobacterium Thermo-
synechoccus vulcanus. Anion substitution was done by incubating
PSII core complexes in buffer containing 20 mM Br� or 20 mM
I�. Diffraction data of crystals grown from Br�-substituted PSII

and I�-substituted PSII had resolutions of 3.7 and 4.0 Å,
respectively. Using the phase information calculated from the
PSII structure without Br� or I� substitutions, the authors were
able to calculate difference Fourier maps between the Cl�-
containing PSII and Br�- and I�-substituted PSII. Two Br� sites
and five I� sites were identified, two of which were similar to the
two Br� sites and were, therefore, considered to be the Cl�-
binding sites in PSII. These two sites agree with the Cl�-binding
sites identified independently by Murray et al.40 Because both
D1:E333 and CP43:E354 bind to chloride and are also coordi-
nated directly to metal ions in the OEC, the authors suggest that
the two chloride anions are required to maintain the coordina-
tion structure of the OEC as well as the proposed proton channel
to keep the OEC fully active.
Guskov et al.42 reprocessed the X-ray diffraction data of the

previously published 3.0 Å structure of PSII isolated from T.
elongatus to a resolution of 2.9 Å. The data at 2.9 Å resolution
allowed for refinement of the positions of previously assigned
subunits as well as new assignments of several subunits and
cofactors, including one Cl� per PSII monomer. The electron
density revealed a patch at the∼4.3σ level near the OEC that was
modeled and refined as a fully occupied Cl�. In this 2.9 Å crystal
structure of PSII, Cl� is coordinated by Nε of D2:K317, Nδ of
D1:N181, and the backbone N of D1:E333. In addition, T.
elongatus cells were grown in a medium containing Br� instead
of Cl� to isolate Br�-substituted PSII. X-ray diffraction of the
Br�-substituted PSII crystals was used to compute the differ-
ence electron density at 3.9 Å resolution, and these results
confirmed the Cl�-binding site identified in the 2.9 Å resolu-
tion crystal structure. The Cl� site identified in this high-
resolution structure shows only one of the Cl� sites identified
in the previously mentioned X-ray crystallographic studies of
Br�-substituted PSII.
The presence of one common Cl� site in all three structural

studies indicates that the chloride ion in site 1 (D2:K317 site) is
unarguably present in PSII and most likely is the high-affinity
chloride site identified by 36Cl� labeling studies;39 the chloride
ion in site 2 (CP43:E354 site) could also be present and may be a
lower-affinity site. It has been shown that some primary amines
compete with Cl� for the Cl�-binding site,60�62 although it is
unclear how amines compete for the Cl�-binding sites identified
in the recent crystal structures. One possible mechanism by
which amines can bind at the Cl�-binding sites is through
hydrogen bonding because all the ligands to Cl� are capable of
forming hydrogen bonds with amines.
Herein, we propose a role for chloride in the function of PSII

based on the structural characterization of Cl�-binding sites
focusing on the role of the chloride ion in site 1 (D2:K317 site).
First, however, we review studies of the effect of chloride
depletion on the properties of the manganese cluster in the
OEC, in view of the X-ray crystallographic evidence that chloride
is associated with many of the manganese ligands.
EPR Spectroscopic Studies of Cl�-Depleted Photosystem

II. Cl�-depleted PSII membranes and Cl�-depleted PSII mem-
branes substituted with other anions have been extensively
studied using EPR spectroscopy to investigate the effect of Cl�

on the S-state advancement of the OEC. The manganese cluster
in the OEC predominantly gives rise to two types of EPR signals
in the S2 state, a g = 2 multiline signal and a g = 4.1 signal.71�73

The g = 2multiline signal arises from an S = 1/2 ground state, and
the broad g = 4.1 signal arises from the middle Kramers
doublet of an S = 5/2 state.

74,75 Amplitudes of the g = 4.1 signal

Figure 4. Cl�-binding sites from recent X-ray crystallographic struc-
tures (tentatively assigned to the S1 state) overlaid by the align function
in PyMOL as follows: yellow from Protein Data Bank entry 3A0B,41 red
from ref 40, and blue from Protein Data Bank entry 3BZ1.42 The halides
have a center-to-center distance of approximately 14 Å; site 1 is
approximately 6.5 Å from Mn4, and site 2 is approximately 7 Å from
Mn2. The halide at site 1 in blue is hidden by the other two that are also
present there. Protein Data Bank entry 3BZ1 does not place a halide in
site 2.42 All ligands are from D1/PsbA unless otherwise labeled.
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and the g = 2 multiline signal oscillate with a period of four,
showing maxima on the first and fifth flashes, which is character-
istic of the S2 state.

76 Relative amounts of the g = 4.1 signal and
the g = 2 multiline signal depend on the sample preparation and
illumination conditions. Samples prepared in the presence of
sucrose as the cryoprotectant generate both the g = 4.1 and g = 2
multiline signals upon illumination at 200 K.77 However, the
intensity of the g = 4.1 signal at 200 K is suppressed by the
presence of glycerol, ethylene glycol, ethanol, and methanol.76

Illumination of dark-adapted PSII at 140 K produces exclusively
the g = 4.1 signal that can be converted to the g = 2 multiline
signal by incubating the sample at 200 K in the dark.72 The state
responsible for the g = 2 multiline signal can be converted to the
state responsible for the g = 4.1 signal upon absorption of near-IR
light at∼150 K, and warming the sample to 200 K reverses the g
= 2 to g = 4.1 conversion.78

Interestingly, illumination of dark-adapted Cl�-depleted PSII
isolated from spinach at 200 K to generate the S2 state results in
the formation of the g = 4.1 signal in lieu of the g = 2 multiline
signal.79 The S2-state multiline signal can be restored in darkness
by addition of Cl� to the illuminated sample.80 When Cl� is
substituted with F�, oxygen evolution is completely inhibited by
preventing the S2 to S3 transition and the g = 4.1 S2-state signal is
highly enhanced over the multiline signal.46,81 Similar results are
observed when Cl� is substituted with acetate.82

The decay kinetics of the population of PSII centers in the g =
2multiline and g = 4.1 forms of the S2 state differ markedly. The g
= 2 multiline signal decays at 20 �C with a t1/2 of 30 s compared
to a t1/2 of 10 min for the g = 4.1 signal.80 This is in agreement
with earlier results that a long-lived S2 state was present in 40% of
the centers in Cl�-depleted PSII chloroplasts.83 Cl�-depleted
PSII membranes also show an upshifted emission temperature
for the S2QB

� charge recombination B band when probed by
thermoluminescence measurements.84 In Cl�-depleted PSII
membranes substituted with F�, the thermoluminescence B
band arising from S2QB

� charge recombination is modified
and the peak temperatures are upshifted by 13 �C.81
These results demonstrate that the magnetic properties of the

S2 state are affected by depletion of Cl�, indicating that the
coordination and/or magnetic interactions of the manganese
ions depend on the presence or absence of Cl�. This is consistent
with the structural models from the recent X-ray crystal struc-
tures that model both D1:E333 and CP43:E354 as ligands to
manganese ions and also as residues that bind Cl� via their
backbone nitrogens (Figure 4).

’PROPOSED MECHANISM FOR ACTIVATION OF
PHOTOSYSTEM II BY CHLORIDE

Cl�-binding pockets in the C domain of ACE, R-amylase, and
PSII contain a positively charged Arg or Lys residue that seems to
be crucial in the Cl�-binding site. Cl� and other monovalent
anions capable of competing for the Cl� sites can form an ion
pair with the positively charged residue. Reversible inactivation
upon Cl� depletion and enzyme activation by a variety of
monovalent anions other than Cl� are common aspects of these
enzymes. Mutation of the positively charged Arg or Lys residue
to a Gln residue in both ACE and R-amylase yields Cl�-
independent enzymes, albeit with lower turnover rates.14,28

Although PSII membranes with a D2:K317Q mutation have
not yet been studied, on the basis of the other examples we would
expect the activity of this mutant to be independent of Cl�.

Because of striking similarities in the halide binding and activa-
tion characteristics of these enzymes, we propose a mechanism
by which Cl� activates PSII on the basis of the results from
studies of ACE and R-amylase.

In ACE, Cl� plays a structural role in positioning the amino
acid residues to stabilize the enzyme�substrate complex. In Cl�-
dependent R-amylases, Cl� tunes the pKa of E233, the general
acid catalyst, and correctly positions the catalytic residues E233
and D300; formation of a salt bridge between K337 and E233 in
the absence of Cl� reduces the pKa of E233. We propose that the
activation of PSII by Cl� in site 1 is due to a structural change that
creates an optimal structural framework of the amino acid
residues around the OEC, as well as a fine-tuning of the pKa of
D1:D61, a residue proposed to be important for proton trans-
port. In the 2.9 Å crystal structure of PSII, Cl� is coordinated by
Nε of D2:K317, Nδ of D1:N181, and the backbone N of D1:
E333.42 In the presence of Cl�, Nε of D2:K317 is 3.9 Å fromD1:
D61 and 4.7 Å from D1:E333.

We propose that role of Cl� is to break the salt bridge between
protonated D2:K317 and a nearby carboxylate residue, possibly
D1:D61 and/or D1:E333, that is expected to form in the absence
of Cl�. The D1:D61 residue is proposed to be involved in the
transport of protons from the OEC to the lumen.85�87 Hydrated
DFT QM/MM structural models suggest an extended hydrogen
bonding network from substrate water molecules via CP43:R357
to D1:D61, leading to the lumenal side of the membrane.88 The
pKa of the D1:D61 residue must be well-tuned for the transport
of protons from the OEC to the lumen. Analogous to removal of
Cl� from R-amylase, which reduces the pKa of the Glu233
residue, a decrease in the pKa of D1:D61 upon removal of Cl�

from PSII is expected. A downward shift in the pKa of D1:D61 fits
nicely with formation of the proposed salt bridge between D2:
K317 and D1:D61 upon removal of Cl�. A decrease in the pKa of
D1:D61 will make it an inefficient acceptor of protons from the
OEC at the previous optimal pH for O2 evolution. This would
stall the release of protons from the OEC to the lumen and,
therefore, stall the S-state advancement at the S2 state because
further transitions require deprotonation of the OEC.30,89 Ad-
ditionally, any conformational shift of D1:D61 during salt bridge
formation could move this residue away from the OEC, prevent-
ing efficient proton transport.

Alternatively, or simultaneously, in the absence of Cl�, pro-
tonatedD2:K317 andD1:E333 could form a salt bridge. In such a
scenario, the ligation of D1:E333 to the OEC31,32,40�42,90 will be
altered.Movement of the D1:E333 residue toward D2:K317may
cause movement in the D1:H332 residue as well. Because both
D1:333 and D1:H332 are ligands to manganese ions in the OEC,
a structural perturbation of these residues could affect the
exchange interactions of the manganese ions in the OEC and
result in altered magnetic properties of the manganese cluster.

We hypothesize that an electrostatic attraction between D1:
E333 and D2:K317 in the absence of Cl� may cause changes in
the coordination of the manganese ions in the OEC. Slight
changes in coordination of the manganese ions in the OEC in the
presence and absence of Cl� could change the interactions
between the manganese ions in the cluster, thereby changing
the ground spin state. This is consistent with the experimental
observation that illumination of dark-adapted Cl�-depleted PSII
isolated from spinach produces the S2-state g = 4.1 signal at the
expense of the multiline signal.79 The proposal of formation of a
salt bridge between the protonated D2:K317 residue and the
manganese-coordinating D1:E333 residue upon removal of Cl�
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in the D2:K317 site is, thus, consistent with the observation of a
change in the ground spin state of the tetranuclear manganese
cluster.

In the S2 state, the oxidation states of themanganese ions in the
OEC are assigned to be Mn4(III,IV,IV,IV).

91�95 EXAFS experi-
ments have shown that theOEC in the S2 state contains 2�32.7Å
Mn�Mn distances and one 3.3 Å Mn�Mn distance.96�98 On the
basis of studies of manganese model complexes, we expect that
isotropic exchange interactions between di-μ-oxo-bridged Mn ions
that are 2.7�2.85 Å apart will result in a strong antiferromagnetic
exchange coupling (J <�100 cm�1),99�102 whereas the longer 3.3 Å
mono-μ-oxo-bridgedMn ions can exhibit either antiferromagnetic or
ferromagnetic exchange coupling (�40 cm�1 < J < 20 cm�1).102

Furthermore, EXAFS experiments indicate that the structures of the
OEC giving rise to the g = 4.1 signal and the g = 2multiline signal are
very similar, with the only observed change being the lengthening of
one of the 2.7 ÅMn�Mn distances to 2.85 Å.103 Using experimental
results from CW EPR and 55Mn ENDOR spectroscopy of the S2-
state multiline signal, Peloquin et al.104 have shown that a tri-
mer�monomer structural model of the tetranuclear cluster best fits
the spectroscopic data. In their study, a strongly antiferromagnetically
coupled trimer alongwith aweak antiferromagnetic coupling between
the monomer and the trimer resulted in an S = 1/2 ground spin state.
However, a switch from the weak antiferromagnetic exchange
coupling between the monomer and the trimer to a ferromagnetic
exchange coupling could change the ground spin state to an S = 5/2
state;93,104 switching the exchange coupling between the monomer
and the trimer from weakly antiferromagnetic to ferromagnetic
coupling could also result in an S = 7/2 ground spin state.93 Such a
switch in the exchange coupling could occur as a result of a slight
change in the bond angle of amono-μ-oxo bridge between the trimer
core and the monomer.93 Alternatively, a change in the exchange
coupling scheme of the OEC could be the result of a change in the
location of Mn(III) in the S2 state of the tetranuclear manganese
cluster. The valence arrangement that gives rise to the S2-state g = 2
multiline signal has Mn(III) on either end of the trimer core.93

However, an S= 5/2 ground spin state is possible if there is a change in
the sign of the exchange coupling between the monomer and trimer
and if Mn(III) resides at the center of the trimer core.93

Valence isomerization due to differences in ligation and a
change in the sign of exchange coupling through a single μ-oxo

bridge between manganese ions as a result of differences in
ligation both have precedence. DFT-QM/MM models of the
OEC have shown that two valence isomers are possible in the S1
state, where the oxidation state of the tetranuclear manganese
cluster is Mn4(III,III,IV,IV).

88 The isomerization depends on the
coordination number of the “dangler Mn”, Mn4, and Mn2 (see
Figure 5 for numbering), with an oxidation state of IV favored
when there are six ligands toMn and an oxidation state of III with
five ligands. In the computationally modeled redox isomers, Mn2
and Mn4 have different ligation patterns. For one model, a
strained conformation of the His332 ligand to Mn2 yields weak
binding of this ligand, stabilizing the oxidation state of III for
Mn2 with a Jahn�Teller elongation along the Mn�His332 axis
and, consequently, an oxidation state of IV for Mn4 with six
ligands. In the other redox isomer, better binding of the His332
ligand favors an oxidation state of IV for Mn2, and a pentacoor-
dinated Mn4 favors an oxidation state of III for Mn4. This clearly
demonstrates that a change in the ligation scheme of theMn ions
in the OEC could also lead to valence isomerization in the S2
state. In this regard, studies of inorganic manganese complexes
have shown that an exchange coupling through a mono-μ-oxo
bridge between two manganese ions can vary from antiferromag-
netic (J < 0) to weakly ferromagnetic (J > 0) depending on the
terminal ligands.105,106

In the S2 state in the presence of Cl�, E333 is most likely a
bridging ligand between Mn3 and Mn4 and His332 is a ligand to
Mn2. An antiferromagnetic coupling between Mn4 and the core
allows for an S = 1/2 ground spin state giving rise to the S2-state
g = 2 multiline EPR signal. Movement of these residues in the
absence of Cl� could switch the exchange coupling between the
dangling manganese and the core and/or trigger a valence
isomerization within the manganese cluster, thereby changing
the ground spin state from an S = 1/2 state to an S = 5/2 state
and changing the populations of the S2-state multiline and g = 4.1
signals.

’CONCLUSION

Similarities in the ligand composition of the Cl�-binding sites
along with similarities in the halide binding and activation
characteristics in Cl�-dependent R-amylases, ACE, and PSII
inspired us to look carefully at the mechanism by which Cl� is
activating in these enzymes. By analyzing the mechanisms by
which Cl� is activating in Cl�-dependent R-amylases and ACE,
we can propose a mechanism by which Cl� is activating in PSII.
We propose that in the absence of Cl�, a salt bridge between D2:
K317 andD1:D61 (and/or D1:E333) is formed. This can cause a
conformational shift of D1:D61 and lower its pKa, making it an
inefficient proton acceptor during the S-state cycle. Movement of
the D1:E333 ligand and the adjacent D1:H332 ligand due to the
removal of Cl� could also account for the observed change in the
magnetic properties of the manganese cluster in the OEC upon
depletion of Cl�. This proposal unifies the latest structural
revelations of the Cl�-binding sites in PSII with the available
biochemical and spectroscopic data for the Cl� activation
of PSII.
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Figure 5. Proposedmechanism for the role of Cl� in PSII function. Cl�

in site 1 is proposed to have a structural role in maintaining the optimal
structural framework of the ligands to the metal ions in the OEC, as well
as a role in tuning the pKa and positioning of the D1:D61 residue
proposed to be important for proton transport. Upon removal of Cl�,
D1:D61 and D1:E333 will tend to move closer to the protonated D2:
K317 for a favorable electrostatic interaction. This will lower the pKa of
D1:D61 and make it an inefficient proton acceptor. Movement of D1:
E333 and neighboring D1:H332 (ligands to manganese ions in the
OEC) could account for the change in the ground spin state of the OEC
upon removal of Cl�.
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’ABBREVIATIONS

ACE, angiotensin-converting enzyme; D1, D1 polypeptide
of PSII; D2, D2 polypeptide of PSII; EPR, electron paramagnetic
resonance; ENDOR, electron nuclear double resonance; ESEEM,
electron spin echo envelope modulation; EXAFS, extended X-ray
absorption fine structure;HPA, human pancreaticR-amylase;OEC,
oxygen-evolving complex; PSII, photosystem II; XAS, X-ray absorp-
tion spectroscopy.
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