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ABSTRACT: The active site of water oxidation in Photo-
system II (PSII) is a Mn4CaO5 cluster that is located in a cavity
between the D1 and CP43 protein subunits by which it is
coordinated. The remainder of this cavity is filled with water
molecules, which serve as a source of substrate and participate
in poorly understood hydrogen bond networks that may
modulate the function of the Mn4CaO5 cluster. These water
molecules interact with the first and second sphere amino acid
ligands to the Mn4CaO5 cluster and some water interacts
directly with the Mn4CaO5 cluster. Here, the results of
mutations to the amino acids that line the walls of several
predicted cavities in the immediate vicinity of the Mn4CaO5
cluster were examined in Synechocystis sp. PCC 6803. Of these, mutations of Val185 in the D1 subunit resulted in the most
interesting functional alterations. The hydrophobic D1-Val185 occupies a location contacting water molecules that are positioned
between the redox active tyrosine (YZ) and the putative proton gate residue, D1-Asp61, and at a position opposite the oxo bridge
atom, O5, of the cluster. Mutations of the residue D1-Val185 were produced, with the intention that the substitute residue would
extend into the water cavity that includes H2O molecules that interact with the Mn4CaO5 cluster, amino acid ligands of the
Mn4CaO5 cluster, YZ and the chloride co-factor of PSII. Three of these mutants, D1-Val185Asn, D1-Val185Thr, and D1-
Val185Phe, were able to accumulate significant levels of charge separating PSII and were characterized using polarographic and
fluorescent techniques. Of the three substitutions, the phenylalanine substitution was the most severe with a complete inability to
evolve oxygen, despite being able to accumulate PSII and to undergo stable charge separation. The threonine substitution had no
apparent effect on oxygen evolution other than a 40% reduction in the steady state rate of O2 production compared to the case of
wild-type Synechocystis, due to a reduced ability to accumulate PSII centers. The asparagine substitution produced the most
complex phenotype with respect to O2 evolution. Although still able to evolve oxygen, D1-Val185Asn does so less efficiently than
wild-type PSII, with a higher miss factor than that for the wild type. Most significantly, asparagine substitution dramatically
retards the rate of O2 release and results in an extension of the kinetic lag phase prior to O2 release that is highly reminiscent of
the effects of mutations produced at D1-Asp61. The observed effects of the D1-Val185Phe and D1-Val185Asn mutations may be
due to alterations in the environment of nearby chloride co-factor of PSII and/or alterations in the hydrogen bond network,
perhaps impeding the movement of water to a binding site on the metal cluster.

Recently, a three-dimensional model of PSII based on X-ray
crystallography was presented, with a resolution of 1.9 Å,1

a significant improvement on previous models.2−5 As well as
confirming the presence of the metal linking μ-oxo bridges
within the Mn4CaO5 cluster, this new model also revealed the
location of a number of water molecules surrounding the
Mn4CaO5 cluster, which had previously been unresolved. This
includes several apparent water ligands of the Mn4CaO5 cluster
and others that reside in the previously described water
pathways that lead from the Mn4CaO5 cluster to the surface of
PSII.6,7 The H2O broad channel is connected to the narrow
channel, which may provide access for substrate water to the
Mn4CaO5 cluster,

8 but it is also likely to play a role in proton
transfer.9

To help determine the role of these water channels, a set of
point mutations was generated in segments of the water-
containing cavities at the interface between D1 and the
Mn4CaO5 cluster (Figure 1). These are the first mutations
constructed to intentionally alter the waters surrounding the
manganese cluster. These mutants were characterized in regard
to their oxygen evolving and chlorophyll fluorescence proper-
ties. Because the selected residues do not act as ligands to the
Mn4CaO5 cluster, any phenotypes present in these mutants can
be presumed to be due to a structural deformation to PSII,
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aberrant interactions with substrates or production of the water
oxidation reaction, and/or due to the disruption of the H2O/
hydrogen bond network. Although significantly lower levels of
PSII accumulation, variable chlorophyll fluorescence and
oxygen evolution were observed in the mutants with
substitutions to the positions D1-Ile60, D1-Gly166, D1-
Ser169, and D1-Pro173 (Table S1 of the Supporting
Information); the mutants with substitutions to the residue
D1-Val185 were observed to have the most interesting results
and were subjected to further characterization.
The side chain of D1-Val185, which is 3.7 Å from the

Mn4CaO5 cluster, faces the broad channel as it passes the
Mn4CaO5 cluster (Figure 1). One of these channels, the broad
channel, comes into contact with YZ, D1-Asp170, D1-Asp61,
D2-K317 and one of the chloride binding sites. It also contains
many of the H2O molecules present in the 1.9 Å PSII structure
that interact with the Mn4CaO5 cluster or its ligands

1 including
the H2O molecules that participate in the hydrogen bond
network that is proposed to facilitate the low energy hydrogen
bond between YZ and D1-His190.10 Although D1-V185 is not
positioned to block the access of substrate water to the
Mn4CaO5 cluster, mutation of D1-V185 has the potential to
alter the interactions of water around the Mn4CaO5 cluster
notably the essential Cl− co-factor and the O5 oxygen of the
Mn4CaO5 cluster. Thus, it is not surprising that mutations at
this location can produce dramatic changes in the kinetics of
water oxidation the Mn4CaO5 cluster as described below.

■ METHODS AND MATERIALS

Strains and Growth Conditions. The naturally trans-
formable, glucose-utilizing strain of Synechocystis sp. PCC 6803
and the mutant derivatives were maintained on solid agar and
in liquid blue-green-11 (BG-11) medium buffered with 20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)−
NaOH (pH 8.0) (HBG-11) supplemented with 5 mM glucose
and 10 μM 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU).11−16 Experimental cultures were inoculated from
solid media into 100 mL of HBG-11 with 5 mM glucose and
grown while shaking under a photon flux density of ∼80 μM
m−2 s−1 at 30 °C. Light intensity measurements were made with
a Walz universal light meter 500 (Effeltrich, Germany). All
mutants were constructed in the psbA2 gene and introduced to
a recipient strain of Synechocystis lacking all three psbA genes
and contained a hexahistidine “tag” genetically fused to the C-
terminus of the CP47 protein.16−18 A hexahistidine-tagged
control strain was similarly constructed using the same psbA-
less recipient strain, but transformed with the wild-type psbA2
gene resulting in a strain possessing PSII activity similar to that
of the true wild type19,20 and is referred to as the wild type.

Isolation of Thylakoid Membranes. Thylakoid mem-
branes were isolated essentially as before.11,14,15 Synechocystis
cells were grown to mid-log phase and then harvested by
centrifugation for 10 min at 8000g and then resuspended in 50
mM 2-(N-morpholino)ethanesulfonic acid (MES)−NaOH
(pH 6.0), 10% glycerol (v/v), 1.2 M betaine, 5 mM MgCl2,
and 5 mM CaCl2 to a concentration of 1 mg of chlorophyll
mL−1. The resuspended cells were incubated in the dark and on
ice for 1 h. Prior to cell breakage, benzamidine, ε-amino-η-
caproic acid, and phenylmethanesufonyl fluoride were added to
the cell suspension at a concentration of 1 mM each. The cells
were broken by five cycles (5 s on and 5 min off) of agitation
with 0.1 mm diameter zirconium/silica beads in a Bead-Beater
(BioSpec Products, Bartlesville, OK, USA). The extracted
thylakoid membranes were collected by centrifugation at 14
000 rpm for 30 min at 4 °C in a tabletop centrifuge (Eppendorf
5417R, Hauppauge, NY, USA). The pelleted thylakoid
membranes were resuspended in 50 mM MES−NaOH (pH
6.0), 10% glycerol (v/v), 1.2 M betaine, 20 mM CaCl2, and 5
mM MgCl2 to a Chl concentration of 1−1.5 mg mL−1, before
being flash-frozen in liquid nitrogen and stored at −80 °C.

Polarographic Measurements of O2 Evolution. Meas-
urements of flash number dependent O2 yields and O2 release
kinetics were performed with isolated thylakoid membranes
using a bare platinum electrode that allows for the deposition of
samples by centrifugation as described previously.13,21−23 For
each measurement, a sample of thylakoid membranes
containing 3 μg of chlorophyll was added to 500 μL of 50
mM MES−NaOH (pH 6.5), 1 M sucrose, 200 mM NaCl and
10 mM CaCl2. Samples were centrifuged onto the electrode
surface at 8000g for 10 min at 25 °C in a Sorvall HB-4 swing
out rotor. The temperature of the electrode was regulated by
circulating thermostated water through a copper jacket that
surrounds the electrode. Polarization of the electrode (0.73 V)
was turned on 20 s before the start of data acquisition, and the
flash sequence was started 333 ms after that. The response time
of the polarographic amplifier is approximately 100 μs, whereas
the electrode−electrolyte system responds within approxi-
mately 200−400 μs at the specified NaCl concentration in the
measuring buffer. Acquisition of the data and the control of the
instrumentation was implemented using a plug-in data

Figure 1. Mutations of the second sphere ligation environment of the
Mn4CaO5 cluster. One or more single amino acid substitutions were
made to the D1 residues D1-Ile60, D1-Gly166, D1-Ser169, D1-
Pro173, and D1-Val185. Each of these mutations was produced with
the goal of disturbing the water molecules (light blue spheres)
surrounding the Mn4CaO5 cluster, without disturbing protein folding.
The mutants with substitutions to D1-Val185 were found to affect the
water oxidation activity of PSII to varying degrees and are the main
focus of the present study.
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acquisition circuitry and LabView software (National Instru-
ments, Austin, Texas) that permitted timing and coordination
of the flash illumination and data acquisition in a synchronous
mode with nanosecond accuracy (independent of computer
motherboard and operating system). Timing of the flash points
relative to the O2 signals and instrument response time was
verified in separate trials by observing the photoelectric signal
resulting from exposing the silver electrode to unfiltered xenon
flashes. Samples were allowed to thermally equilibrate to the
temperature of the water jacket for 10 min on the electrode
receiver before the data acquisition was initiated. This proved
critical in obtaining reproducible oxygen signal decay transients
due to their strong temperature dependence especially seen in
the rate of the decay of O2 signal. Samples were exposed to a
train of 50 μs flashes from a red (nominally 627 nm) Luxeon III
emitter light-emitting diode (LED) (Philips Electronics,
Amsterdam) driven by a strobe current generator (Pulsar
710, Advanced Illumination, Rochester, VT, USA), placed 0.9
cm from the surface of the electrode given at 2 Hz after
allowing the sample and electrode to temperature equilibrate to
30 °C. Each sample was exposed to up to 720 flashes, and the
signals were averaged.
Steady State Rates of Oxygen Production. Steady state

rates of oxygen evolution from whole cells were measured using
a Clark electrode.24 Measurements were made using samples
containing 10 μg of Chl taken from cells suspended in a HN
buffer [10 mM HEPES−NaOH and 30 mM NaCl (pH 7.0)].
The samples were exposed to a saturating light in the presence
of 2 mM K3Fe(CN)6 and 750 μM DCBQ for 60 s. The
maximal O2 rates were calculated from the segment of the O2
concentration trace with the greatest slope and averaged from
the results of three measurements.
Quantification of PSII and Measurements of Fluo-

rescence Kinetics. Measurements of variable fluorescence
yields were performed with a double-modulation kinetic
chlorophyll fluorometer fitted with a second actinic flash
illumination source (PSI Instruments, Brno, Czech Republic).
Cells from the mid-log growth phase were kept under dim light
on a shaker at 200 rpm before being used for experiments and
diluted to 5 μg of Chl/mL for measurements. Fluorescence
kinetics were assayed using variations of the standard
instrument settings that sample the low-fluorescence F0 state
in dark-adapted samples by probing fluorescence yield with four
measuring pulses followed 200 μs later by a 30 μs saturating
actinic flash, followed by a sequence of measuring pulses
beginning 50 μs after the actinic flash. PSII has a high
fluorescent yield when it is in the P680QA

− state, which is
formed when P680 absorbs a photon of light and donates an
electron to QA. Without inhibitors, the principal component of
the decay of this state is due to the oxidation of QA

− by a
plastoquinone in the QB site. When DCMU blocks the transfer
of electrons from QA to QB, this causes P680QA

− to persist
until the electron recombines with oxidants on the donor side,
which in the case of the intact enzyme is principally the S2 state
of the Mn4CaO5 cluster. The total variable fluorescence was
evaluated with the equation Fv = (Ft − F0)/F0, where Ft is the
fluorescence at time t and F0 is the lowest level of fluorescence
yield obtained as the average yield of a sequence of four weak
measuring flashes applied before the first saturation flash.
Analysis of the kinetic components of the fluorescence decay
was performed according to Allahverdiyeva et al., except that a
correction for exciton sharing between centers was not
applied.25,26

Estimation of the concentration of charge-separating PSII
centers was performed essentially as described previously.23,27

The cells were incubated in the dark for 5 min with 300 μM
dichlorobenzoquinone (DCBQ) and 300 μM K3Fe(CN)6 to
oxidize any residual QA

−. DCMU was then added at a
concentration of 20 μM, the mixture was allowed to incubate
for 1 min, and then 10 mM hydroxylamine was added.
Measurement of variable fluorescence was initiated several
seconds after the hydroxylamine was added by applying 30
saturating actinic flashes (20 Hz), with the fluorescence yield
being sampled after each flash.

■ RESULTS
Mutagenesis. Several amino acids on the D1 subunit of

PSII were targeted for mutagenesis on the basis that their side
chains face the water cavity surrounding the Mn4CaO5 cluster
(Figure 1). Sites for possible mutation were discovered by
analyzing the crystal structure of PSII for unoccupied spaces in
the crystal structure that are large enough to accommodate
water molecules. This was accomplished using PyMOL in
conjunction with the cavity finding algorithm Caver28 to
identify channels in the 2AXT PSII structure.4 These cavities
were largely in agreement with the channels previously
described by Ho and Styring7 and, to a lesser extent, those
described by Murray and Barber.6 Indeed, after the initial
design and construction of the mutants, the high-resolution
structure of the PSII complex with water molecules was
determined1 and these cavities in the proteins structure were
shown to be occupied by water. The amino acid residues
chosen for mutagenesis were D1-Ile60, D1-Gly166, D1-Ser169,
D1-Pro173, and D1-Val185. One or more point mutations were
constructed in Synechocystis at each of these amino acid sites
with the goal of occupying space inside PSII that is normally
occupied by water or to change the interaction between the
cavity surface with that water so as to allow, for example,
aberrant hydrogen bond interactions (Figure 1).
Each mutant was assayed for its ability (1) to grow

photoautotrophically, (2) to accumulate PSII, (3) to undergo
stable charge separation, and (4) to produce O2. The purpose
of these tests was to determine whether each point mutation
was detrimental to photosynthetic water oxidation and, if so,
whether this was due to a defect in the water-oxidation
mechanism or due to an inability to assemble stable PSII
complexes. Because the aim is to help provide an understanding
of the role of the surrounding water in facilitating the water-
oxidation mechanism, the most interesting mutants will allow
assembly of PSII complexes yet alter the catalytic properties of
the Mn4CaO5 cluster. Photoautotrophic growth was assayed by
inoculation onto solid BG-11 growth media and incubation in
standard growth conditions, and steady state maximal rates of
O2 production were measured using a Clark-type electrode
(Table 1 and Table S1 of the Supporting Information).
The ability of each strain to assemble the Mn4CaO5 cluster in

PSII and to undergo a stable charge separation was assayed
using a dual modulation kinetic fluorometer. The change in the
yield of variable chlorophyll fluorescence (Ft − F0)/F0 induced
by a single saturating flash in the presence of DCMU is
proportional to the fraction of PSII centers present in each
sample that are able to form the P680QA

− state (which has a
higher fluorescence yield than the P680QA state) in response to
the saturating flash. As discussed below, the decay of the high
fluorescence state, in part, reflects the characteristics of the
donor side of the PSII complex including whether it is capable
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of forming the S2 state of the Mn4CaO5 cluster. Thus, it is a
good indicator of whether mutant PSII centers are capable of
assembling a functional Mn4CaO5 cluster. A similar technique
was also used to estimate the amount of charge-separating PSII
in each mutant culture relative to the wild type. This was done
by exposing samples to multiple saturating flashes in the
presence of hydroxylamine (HA), a reductant capable of
removing the Mn4CaO5 cluster and then acting as the electron
donor to YZ

+.23,27,29 The presence of DCMU blocking forward
electron transfer from QA to QB, the presence of HA as a
donor-side reductant, and multiple saturating flashes ensure
that each PSII center is able to reach the high fluorescence yield
state, regardless of defects to the water oxidation complex, and
therefore it provides a good biophysical measure of relative PSII
concentration that compares well with biochemical methods.27

Using these fluorescence techniques, we observed several of
the D1-Val185 mutant strains accumulate PSII significant
concentrations compared to the case of wild-type Synechocystis,

yet were defective in O2 evolution. As shown in Table S1 of the
Supporting Information, other mutations of residues lining the
water cavities near the Mn4CaO5 cluster also proved to be of
interest based on the above criteria but did not exhibit as strong
a negative impact on the water-oxidation complex. The initial
characterization of these strains possessing substitutions to D1-
Ile60, D1-Gly166, D1-Ser169, and D1-Pro173 can be found in
Table S1 of the Supporting Information.

Photosystem II Accumulation and Activity in D1-
Val185 Mutant Strains. Five mutant strains were created
with single amino acid substitutions of the residue D1-Val185,
which faces the broad channel.7 Two of these, the aspartate
(V185D) and tryptophan (V185W) substitutions did not
accumulate significant levels of PSII, as evidenced by the lack of
a variable fluorescence signal even in the presence of the
artificial electron donor, HA. These two strains are likely to be
defective in assembling stable reaction center complexes
capable of charge separation, as seen with some other PSII
mutations.23,27,29 On the other hand, the mutants with
phenylalanine (D1-V185F), asparagine (D1-V185N), and
threonine (D1-V185T) substitutions to D1-Val185 were able
to accumulate PSII at 96, 83, and 76% of the wild-type level,
respectively. Of the three V185 mutants that were able to
accumulate PSII, only the D1-V185N and D1-D1-V185T were
able to grow photoautotrophically. The lack of autotrophic
growth in the D1-V185F mutant is likely due to an inability to
evolve oxygen, because only negligible rates of O2 evolving
activity were detected by the Clarke-type electrode (Table 1).
The D1-V185N and D1-V185T strains were, on the other
hand, able to achieve significant maximal rates of O2 evolving
activity, at 41 and 60% of the wild-type value, respectively.

Fluorescence Decay Kinetics. The kinetics of the
relaxation of the chlorophyll fluorescence yield were examined
using a dual modulation kinetic fluorometer to examine the
properties of the donor and acceptor side electron transfer
reactions in PSII. The measurements were taken using dark-
adapted cells that had been grown to mid-log phase conditions
that ensure maximal PSII activity in these mutants (data not
shown). Samples were exposed to a single saturating flash and
then a series of weaker measuring flashes. Comparing the
fluorescence yield after each measuring flash to a baseline
measured before the actinic flash is given allows the calculation
of the fraction of PSII centers in the high fluorescence yield

Table 1. Characterization of Wild Type and D1-V185
Mutant Strains of Synechocystis sp. PCC 6803

strain
photoautotrophic

growth

relative PSII
content

(% of wt)a
Fv

(% of wt)b

oxygen
evolution
(% of wt)c

wild type + 100 100 100
D1-V185F − 96 56 0
D1-V185D − NDd ND ND
D1-V185N + 83 71 41
D1-V185T + 76 61 60
D1-V185W − 16 10 0

aThe relative PSII content of each strain was estimated from the yield
of variable chlorophyll a fluorescence (Fmax − F0)/F0 after 40 flashes.
Measurements were taken in the presence of 20 mM hydroxylamine
and 20 μM DCMU, according to previously described methods.23,27
bThe ability of each strain to undergo a stable charge separation was
assessed by recording the yield of variable fluorescence (Fmax − F0)/F0
after a single actinic flash in the presence of 20 μM DCMU. cSteady
state rates of oxygen evolution were measured with a Clark-type
electrode using a chlorophyll concentration of 6.35 μg in HN buffer
[10 mM HEPES−NaOH and 30 mM NaCl (pH 6.5)] with the
addition of 750 μM DCBQ and 2 mM K3Fe(CN). Each value
represents the average of three or more samples. Standard deviations
were less than 20%. dND = not detected using described assays.

Figure 2. QA reoxidation kinetics. The decay kinetics of the flash-induced variable chlorophyll a fluorescence (Ft − F0)/F0 for wild type (circles), D1-
V185F (triangles), D1-V185T (diamonds), and D1-V185N (squares) strains of Synechocystis were measured in both the absence (panel A) and
presence (panel B) of 20 μM DCMU. F0 was defied as the average fluorescence yield from four weak measuring pulses given to the samples at 200 μs
intervals before the exposure of the samples to a 30 μs actinic flash. The actinic flash is followed by a series of weak measuring flashes that monitor
the decay of the high fluorescence yield state. See Table S2 of the Supporting Information for the numerical fits of these decay curves.
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state (P680QA
−) to the fraction in the low yield fluorescent

states (P680QA and P680+QA
−) to be monitored as the high

fluorescent state decays.30,31 These decay kinetics give
information about the electron transfer processes in each strain.
The kinetics of QA reoxidation were measured in the wild

type, D1-V185F, D1-V185N, and D1-V185T strains of
Synechocystis in both the presence and absence of DCMU,
which is an electron transport inhibitor that blocks the forward
movement of electrons from QA to QB. To analyze the decay
kinetics, the fluorescence yield signals were fitted with two
functions. For no DCMU signals, the fitting function was
composed of two exponential components and one hyperbolic
component according to Vass et al.32 The fast phase is related
to reoxidation of QA

− by QB. The middle phase corresponds to
QA

− reoxidation in centers with empty QB sites at the time of
the flash and has to bind a PQ molecule from the PQ pool. The
slow phase reflects reoxidation of the QA

− or QB via a reverse
reaction with the S2 state. When the QB site was blocked by
DCMU, the decay kinetics was fitted with two phases: the slow
phase reflects the QA

− reoxidation with the S2 state, and the fast
phase corresponds to the reoxidation of QA

− with electron
donors that are less stable than the S2 state. Out of the three
mutants that were examined extensively, the QA

− reoxidation
kinetics of the D1-V185N mutant was the most similar to that
of the wild type. Forward electron transfer from QA

− to QB
appears largely unaffected in the D1-V185N mutant as
indicated by the similar fluorescence decay kinetics in the
absence of DCMU compare to the wild type. In the presence of
DCMU the S2 state and QA

− recombined with a t1/2 of 860 ms
(Table S2 of the Supporting Information). This is slightly
slower than the t1/2 of 690 ms observed in the wild-type strain
(Table S2 of the Supporting Information). This may indicate
that the S2 state of the Mn4CaO5 clusters in the D1-V185N
mutant have a slightly lower redox potential than in wild-type
PSII.
In the D1-V185T mutant there were more substantial

differences in the kinetics of QA
− reoxidation (Figure 2). The

rate of charge recombination between S2 and QA
− was slowed

to a t1/2 of 2.80 s in the presence of DCMU (Table S2 of the
Supporting Information). This again can be interpreted to
indicate that the S2 state of the Mn4CaO5 clusters in the D1-
V185T mutant have a significantly lower redox potential than in
wild-type PSII. The D1-V185T strain also differed from the
wild type in the relative contributions of the various charge
recombination pathways. This can be determined by comparing
the relative amplitudes of each component of the fluorescence
decay curve.25 In this case 89.8% of QA

− charge recombination
can be attributed to recombination with the Mn4CaO5 cluster
in the S2 state and 10.2% can be attributed to other pathways
(Figure 2). For comparison, recombination between QA

− and
the S2 state accounts for 97.3% of total charge recombination in
wild-type Synechocystis and 94.1% in the D1-V185N mutant
(Table S2 of the Supporting Informaiton).
On the basis of their rates of charge recombination between

S2 and QA
−, both the D1-V185T and D1-V185N substitutions

appear to lower the S2/S1 redox potential of the Mn4CaO5
cluster, with the D1-V185T being much more significantly
altered. This is a reasonable consequence of replacing a
nonpolar residue with polar residues in close proximity to a
redox active co-factor. The Mn4CaO5 cluster in particular
depends on several negatively charged ligands to neutralize the
positive charges of the metal ions. In other cases where a
second sphere ligand has been replaced by a less electronegative

side chain, such as the substitution of D1-Asp61 with
asparagine, the rate of charge recombination between S2 and
QA

− has been observed to be more rapid than that for the wild
type.33 However, this generalization does not hold true for
every amino acid substitution made near the Mn4CaO5
cluster.27,33−35 Other means of affecting the rate of charge
recombination between S2 and QA

− should also be considered,
especially for substitutions such as the D1-V185 substitutions,
which may affect the environment around YZ, perhaps via the
interconnecting hydrogen bond network leading from YZ past
the D1-V185 location toward D1-D61. Altering the hydrogen
bond network around YZ should be expected to alter its redox
potential, which also plays a role in the rate of charge
recombination between S2 and QA

−. What effect, if any, this
should have on the catalytic properties of the Mn4CaO5 cluster,
in terms of its ability to oxidize H2O, is unclear.
There were also differences in the amplitudes of the

maximum variable fluorescence signals of each mutant (Figure
2). This indicates that the V185 mutants are, to varying
degrees, unable to form stable charge separations as efficiently
as wild-type PSII. This may be due to less efficient formation of
the S2 state, which is required to stabilize the YZP680QA

− state,
but the lower levels of PSII content are likely to also play a role,
especially in the D1-V185T mutant as evidenced by the assay
for concentration of charge-separating centers using HA
showing a 40% drop in the accumulation of PSII in the D1-
V185T mutant (Table1).
The D1-V185F mutant has substantially altered QA

−

reoxidation properties compared to those of the wild type. It
appears to have a large fraction of centers characterized by rapid
rates of charge recombination even in the presence of DCMU
(Figure 2). A larger fraction of centers exhibiting rapid decay
are also seen in the absence of DCMU (Figure 2, Table S2 of
the Supporting Information), indicative of a larger number of
centers failing to establish a stable charge separation through
the transfer of the oxidant to Mn, but instead only oxidizing YZ,
which recombines more rapidly with electrons on the acceptor
side. This may reflect a subpopulation of PSII centers in the
mutant that lack assembled manganese clusters and hence only
are capable of storing the charge-separated oxidant as YZ

OX,
which more rapidly recombines with electrons on the acceptor
side. However, the D1-V185F nevertheless contains a
substantial fraction (∼60%) of centers that exhibit a 690 ms
decay component similar to the wild-type (Table S2 of the
Supporting Information, bottom numerical fits) suggesting that
these centers may assemble Mn clusters. However, given the
fact that this mutant fails to evolve O2, it would appear that
either (1) the Mn-cluster is not normally assembled despite
being capable of storing oxidant with stability properties similar
to those of the normal S2 state or (2) the mutant assembles
Mn4CaO5 clusters, but the bulky phenylalanine substitution
sterically interferes with the waters crucial for advancement
through the S state cycle.

S State Cycling and O2 Release Kinetics. Thylakoid
membranes were prepared from each of the V185 mutant
strains of Synechocystis to further characterize their oxygen
evolving activity. The oxygen evolving characteristics of these
membranes were analyzed using a bare platinum electrode to
determine their S state cycling parameters and rates of O2
release.13,36 Measurements taken with the bare platinum
electrode confirmed the absence of oxygen evolving activity
in D1-V185F PSII centers. The only kinetic feature revealed by
exposing centrifugally deposited samples of D1-V185F
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thylakoid membranes to flashing light was the photoelectric
artifact caused by the exposure of the polarized electrode
surface to LED pulses. This evidence confirms that D1-V185F
mutant strain is unable to evolve oxygen.
The flash dependent O2 yields of both the D1-V185N and

the D1-V185T thylakoid membranes displayed period four
oscillation with a peak on the third flash in dark adapted
samples exposed to a series of saturating xenon flashes (Figure
3). The S state parameters of the D1-V185T mutant were
similar to those of the wild type with only 13% in the miss
factor, α (Table 2). The D1-V185N mutant displayed a slightly
increased miss factor of 18% compared to the 14% miss factor
in the wild-type thylakoid membranes (Table 2).
The O2 release kinetics observed from D1-V185T thylakoid

membranes with the bare platinum electrode were only slightly
slower than the O2 release kinetics of the wild type. The rise
kinetics of the D1-V185T O2 release had a t1/2 of 1.5 ms (Table
2), which is only slightly slower than the 1.2 ms t1/2, which is
characteristic of wild-type PSII in optimal conditions. Unlike
the D1-V185T mutant, thylakoid membranes derived from the
D1-V185N mutant released O2 at a substantially slower rate
than did the wild-type thylakoid membranes (Figure 3D).
These thylakoid membranes also displayed a delayed onset in
the release of O2 after each actinic flash. The combination of a
decreased rate of O2 release and a longer lag phase has also
been observed in PSII samples derived from the D61N36,39,40

mutant strain of Synechocystis, in PSII samples where the
chloride ion had been replaced by iodide,41 and in mutations of
the chloride ligand D2-Lysine317.42 However, the lag in the

D1-V185N mutant is truly remarkable, being much longer than
any mutant studied to date, as analyzed below. The D1-V185N
mutant also shares a slightly increased miss factor (Figure 3B,
Table 2) with the D61N and iodide substituted PSII
samples.36,41 The relatively higher signal on the flash one is
consistent with a dark stable S3 state in the D1-V185N mutant,
yet this conclusion remains very tentative until further analysis
is performed, and it is possible that other photoproducts such
as hydrogen peroxide production could also produce this initial
signal. The role of the chloride ion has been hypothesized to
include the modulation of the hydrogen bond network around

Figure 3. Flash dependent O2 yields (panels A and B) from wild type (black), D1-V185T (blue), and D1-V185N (red) thylakoid membranes. The
signals were normalized to the average amplitude of the last four flashes. Each trace represents the averaged amplitudes from three samples. Panels C
and D show the O2 release signals from wild type (black), D1-V185T (blue), and D1-V185N (red) thylakoid membranes. For O2 release
measurements thylakoid membrane samples containing 3 μg of Chl were centrifugally deposited on to a bare platinum electrode and exposed to a
series of measuring flashes from a red LED at 4 Hz. Each trace represents the average of 720 (wild type and D1-V185T) or 1200 (D1-V185N)
flashes. For the measurement of the mutant samples the gain of the polarographic amplifier was set to double the sensitivity used to measure the wild
type sample.

Table 2. S State Cycling Parameters of D1-V185 Mutantsa

strain
S state distribution
S0/S1/S2/S3 (%)

misses,
α (%)

hits,
β
(%)

double
hits, γ
(%)

O2 signal
rise, t1/2
(ms)b

wild type 24/64/12/0 14 84 2 1.2
D1-
V185N

16/80/0/4 18 80 2 27.0

D1-
V185T

17/69/13/1 13 85 2 1.5

aThylakoid membranes samples containing 3 μg of Chl exposed to a
constant light source for 30 s and then centrifugally deposited on to a
bare platinum electrode. The samples were then exposed to a single
actinic flash and then dark adapted for 10 min. The flash dependent O2
yields were then measured from a series of 20 actinic flashes from a
xenon flash lamp given at 2 Hz. Estimation of S state parameters was
performed using a four-state model as previously described.22,37 bThe
rate of O2 release as determined by a previously described
mathematical model.36
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D1-Asp61.43 Because the substitute asparagine residue in the
D1-V185N mutant is sufficiently long to interact with the
chloride ion, it is possible that the phenotype of these three
types of PSII center share a common mechanistic explanation
involving D1-Asp61 and its role in the removal of protons from
PSII.
To more accurately compare the kinetics of O2 release from

the D1-V185N and D1-D61N mutants, the O2 release signal
collected from the D1-V185N mutant was fit according to a
mathematical model of O2 release that had previously been
used to analyze the D61N mutant.36 This model, developed by
Ivelina Zaharieva and Holger Dau,36 includes components that
take into account the diffusion and consumption processes that
cause the decay of the polarographic O2 signal, as well as two
rise components corresponding to the resolvable advancement
phases of the S3 to S0 transition, to more accurately reflect the
phenomena that underlie the observed O2 release signal.

36 The
rate of O2 release estimated by the model for the D1-V185N
mutant was 26 ms, which is slightly slower than the 24 ms t1/2
observed in the D61N mutant under similar conditions.36 On
the other hand, the lag phase of observed in the D1-V185N
signal was slower than the lag phase observed in the D61N
mutant at this pH 6.5 condition (0.8 ms versus 0.60 ms).

■ DISCUSSION
The substitutions to D1-Val185 that were generated for this
work represent the first time that point mutations to PSII have
been explicitly designed to interfere with the water cavities
surrounding the Mn4CaO5 cluster. Although a number of other
different amino acids were targeted for mutation (Table S1 of
the Supporting Information), we focused on the D1-Val185
substitution mutants. Obviously only a small number of
possible sites were targeted, but it now seems likely that
other sites will also prove interesting regarding the water
channels, keeping in mind that a much more highly resolved
crystal structure is now available,1 and more comprehensive
modeling of water movement has been performed7,8,44 since
the present set of mutations was first envisaged. Of the D1-
V185 mutants, the asparagine (D1-V185N) and phenylalanine
(D1-V185F) proved to have dramatic and interesting impacts
upon the ability of PSII to evolve oxygen. Although the
threonine mutant (D1-V185T) appears to cause a problem
with the assembly and/or stability of the PSII complex, the
centers that are assembled in the D1-V185T mutant have the
least severe phenotype with respect to the intrinsic H2O-
oxidation process (Table 1). The chemical structures of valine
and threonine are roughly comparable in size and shape, with
the threonine side chain occupying a smaller volume, but
having the polar oxygen atom of the hydroxyl group. Analysis of
O2 release by D1-V185T thylakoid membranes with a bare
platinum electrode revealed O2 release kinetics and S state
cycling parameters that were nearly identical to those of wild-
type thylakoid membranes. The steady state rate of O2
production by the D1-V185T strain of Synechocystis is reduced
compared to that of wild-type Synechocystis, but this rate is
roughly proportional to the number of charge separating PSII
centers by the D1-V185T mutant. It is therefore reasonable to
assume that the reduced rate of O2 release from D1-V185T
Synechocystis is attributable to a reduced ability to assemble
active PSII centers, yet the turnover time of the catalytic cycle is
not much altered.
Like the D1-V185T mutant, the D1-V185N mutant retained

an ability to evolve oxygen (Table 1). However, although there

is only a small discrepancy between the ability of D1-V185T to
assemble PSII and its ability to evolve oxygen, the D1-V185N
mutant can only evolve O2 at 41% of the rate of the wild type
despite being able to accumulate 83% as much PSII. Although
the D1-V185T mutant is nearly identical to the wild type in
terms of its O2 release kinetics and S state cycling parameters,
the D1-V185N strain displayed clear differences in both (Figure
3B,D). The kinetics of O2 release from D1-V185N thylakoid
membranes were substantially delayed compared to O2 release
from the wild-type thylakoid membranes (Figure 3D). The D1-
V185N mutant also displayed a substantial lag period prior to
the onset of O2 release (Figure 3D). In fact, this 0.8 ms lag is
the longest lag phase yet recorded in any mutant under similar
buffer and temperature conditions. This lag phase is believed to
represent the formation of an intermediate in the S3 to S0
transition due to the release of a proton triggered by the
oxidation of the YZ

•.45−47 The length of this lag phase in wild-
type PSII has typically been observed to be between 50 and 250
μs using various techniques.45−49 Currently, the observation of
the lag phase in wild-type thylakoid membranes is limited by
the response time of the available bare platinum electrode and
the onset of O2 release is not observed until 350 μs after the
actinic flash.
The phenotype of the D1-V185N mutant is similar to the

phenotype of the D1-D61N mutant, another PSII point
mutation that has been well characterized.36,39,40,50 D1-Asp61
is a second sphere ligand of the Mn4CaO5 cluster that interacts
with substrate water1,43,51 and is hypothesized to act as the first
proton acceptor in the proton exit pathway.2,6,7,9,43,52 The D1-
D61N mutation retards the rates of S state transitions, which
leads to slower O2 release kinetics during the S3 to S0
transition.40,50 The D1-D61N mutant also displays an extended
lag phase and an increased miss factor, both similar to those of
the D1-V185N mutation although the lag is longer and O2
release is slower in D1-V185N.36,39,40

D1-Val185 is not immediately adjacent to D1-Asp61, and it
has not been predicted to take part in the proton exit pathway;
however, the substituted asparagine in the D1-V185N mutant
could interact with the chloride ion ligated D2-K317 (Figure
1). A recent hypothesis concerning the function of this chloride
ion argues that the ion prevents the formation of a salt bridge
between D1-Asp61 and D2-Lys317, thus modulating the
interactions between D1-Asp61 and both the substrate and
the proton exit pathways of PSII.43,53 It should be noted that
the replacement of this chloride ion with iodide results in a
decreased rate of O2 release, an extended lag phase and a
moderately increased miss factor, all to roughly the same extent
as the D1-D61N and D1-V185N mutations.41,54 It is therefore
possible that the phenotypes of both mutants and the ion
replacement are due to a similar interference in the interactions
between D1-Asp61, the Mn4CaO5 cluster, and the chloride ion.
It should also be noted that the H2O molecules displaced by
the D1-V185N mutation have been predicted to participate in
proton transfer reactions in the S2 to S3 and S3 to S0 transitions
in a model based on density functional theory (DFT)
calculations.55 Experimentally, measurements of flash-induced
UV transients have convincingly demonstrated that chloride is
essential for advancement through the S2 to S3 and S3 to S0
transitions, but not the S1 to S2 transition. However, the D1-
V185N mutant PSII does advance through the higher S states
albeit with a slightly elevated miss factor. Thus, if it does affect
the chloride binding/activity, then it merely slows the process
in which chloride is involved. Another possibility is that the
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mutation affects the mobility of water molecules due to the
strong hydrogen bonding interaction presented by the amide
moiety, especially between waters acting as hydrogen bond
donors to the carbonyl functionality of the amide.56

Considering that the native valine is hydrophobic, disallowing
a polar interaction and thereby avoiding competition with the
expected H-bond interactions among the adjacent water
molecules facing the cluster, the mutational introduction of a
strong, competing strong H-bonding functionality in the form
of the amide of the D1-V185N substitution could disrupt the
arrangement and dynamics of critical waters molecules.
Unlike the D1-V185T mutant, the D1-V185F mutant does

not appear to have difficulty in assembling charge-separating
PSII (Table 1). But despite being able to assemble PSII
reaction centers at levels commensurate with wild-type
Synechocystis, the D1-V185F strain is unable to evolve O2.
The QA reoxidation kinetics displayed in Figure 2 show that
D1-V185F is able to form a stable charge separation, although
with only 56% of the yield seen in wild-type Synechocystis. This
suggests to us that the D1-V185F mutant is able to assemble at
least some Mn clusters that exhibit charge recombination
characteristics similar to wild-type clusters. It also provides
evidence that D1-V185F may be able reach the S2 state,
assuming that the charge recombination similarities with the
wild type indeed reflect oxidation of an assembled Mn4CaO5
cluster. Assuming that at least a fraction of the D1-V185F PSII
centers contain a fully assembled Mn4CaO5 cluster, the most
likely explanation for the inability of the D1-V185F mutant to
evolve oxygen is an inability to complete either the S2 to S3 or
the S3 to S0 transition.
The ability of the D1-V185F mutant to assemble PSII at near

wild-type levels despite the large size difference between valine
and phenylalanine suggests that the replaced residue occupies
space previously occupied by H2O rather than by other amino
acids. In fact, basic modeling with PyMOL suggests that the
least sterically hindered conformational isomer of the substitute
phenylalanine residue causes it to displace H2O molecules near
YZ (Figure 1). One recent model of the water-oxidizing center
(WOC) based on the 1.9 Å structure suggests that these H2O
molecules are part of a hydrogen bond network that facilitates
the short hydrogen bond (2.46 Å) between YZ and His190.10

The disruption of this hydrogen bond could have consequences
for proton-coupled electron transport, which is vital for the
efficiency of S state transitions; particularly in the higher S
states. Other isomers of the substitute phenylalanine residue are
of course possible and may lead to structural changes that affect
first sphere ligands of the Mn4CaO5, especially D1-Gllu189.
This does not rule out the possibility that the D1-V185F
substitution interferes with the binding of the chloride co-
factor, which is also known to prevent water oxidation.
Finally, it is thought that the lag phase associated prior to the

re-reduction of YZ
OX and release of O2 may be associated with

the release of a proton.47 Proton release kinetic experiments
remain to be performed with the long lag phase mutants
including D1-D61N and the mutant described here, D1-
V185N. In principal, the release of a proton may be faster than
the lag and the protracted lag phase in the mutant corresponds
to some other molecular rearrangements. Comparison of the
rate of proton release measured at high concentrations of
indicator dye showed that a large (and pH dependent) fraction
of proton release occurred faster than YZ

OX formation measured
by UV spectroscopy.57 This is consistent with the first of the
two protons released during the S3 → S4 ⇒ S0 transition being

ejected prior to a lag phase. For example, proton release upon
YZ

OX formation may initiate a molecular rearrangement such as
the movement of local water molecules involved in filling the
opening coordination sites, which would be consistent with the
inhibition of the lag phase seen in the D1-V185 mutants. In this
context it is interesting that the nearest contact point of D1-
V185 with the Mn cluster is O5, a bridging μ-oxo that is
currently being discussed as altering its position and bonding
during an isomerization of the oxo bridging pattern of the
Mn4CaO5 cluster that could occur during the catalytic cycle.58

The O5 oxo has also been tentatively assigned to the more
slowly of the two exchangeable substrate water molecules.59,60

Accordingly, we speculate that the D1-V185 mutations affect
water exchange into this O5 location, thereby affecting both the
movement of substrate water and, perhaps, an associated
isomerization of the cluster. However, for both the D1-V185N
and D1-V185F mutants, a definitive mechanistic link between
amino acid substitution and the resulting phenotype cannot be
assigned on the basis of the experiments presented here.
Further experimentation will be needed to more clearly
establish the cause of the defective oxygen evolution in these
mutants, which may provide clues into the activity of the WOC.
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