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Abstract

The oxidations of the O,-evolving MnyCaOs cluster in Photosystem II are coupled to the release
of protons to the thylakoid lumen via one or more proton egress pathways. These pathways are
comprised of extensive networks of hydrogen-bonded water molecules and amino acid side
chains. The hydrophobic residue, D1-V185, is adjacent to numerous water molecules in one of
these networks. The DI1-V185N mutation dramatically slows O-O bond formation. This
impairment has been attributed to a disruption of the hydrogen bonded water molecules that are
crucial for proton egress or whose rearrangement is required for catalysis. In this study, FTIR
spectroscopy was employed to characterize the impact of the DI-V185N mutation on the
carboxylate groups and water molecules that form a network of hydrogen bonds in this putative

proton egress pathway. By analyzing carboxylate stretching modes, carbonyl stretching modes
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of hydrogen-bonded carboxylic acids, O-H stretching modes of hydrogen-bonded water
molecules, and D—O-D bending modes, we obtain evidence that the DI-V185N mutation
perturbs the extensive network of hydrogen bonds that extends from Y, to D1-D61 to a greater
extent than any mutation yet examined, but does not alter the water molecules that interact
directly with D1-D61. The mutation also alters the environments of the carboxylate groups
whose pK, values change in response to the S; to S; and S, to S; transitions. Finally, the
mutation alters the environment of the water molecule whose bending mode vanishes during the
S, to S; transition, consistent with assigning the Ca?"-bound W3 as the water molecule that
deprotonates and joins oxo bridge O5 during the S, to S transition, possibly as the second

substrate water molecule for O, formation.
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Nearly all the molecular oxygen in the biosphere is produced by the catalytic MnsCaOs
cluster in Photosystem II (PSII). Molecular oxygen is released as the by-product of oxidizing
water to provide the electrons and protons needed by plants, algae, and cyanobacteria to drive
ATP formation and CO, fixation. Our understanding of water oxidation by the MnsCaOs cluster
has advanced rapidly in the last five years because of new developments in X-ray
crystallography and the synergism between recent structural, computational, and advanced
biophysical studies (for review, see refs /-7). PSII is a large protein complex that is integral to
the thylakoid membrane. The structure of PII has been determined to 1.85 — 1.95 A in
cyanobacteria (8-10), 2.78 A in ared alga (11), 2.7A in pea (12, 13), 3.2 A in spinach (/4), and
5.2 A in Arabidopsis thaliana (15). PSII is dimeric in vivo, with each monomer containing 20 —
22 subunits and having a molecular weight of approximately 350 kDa. At the core of each
monomer is a heterodimer of two subunits known as D1 and D2. Light-induced separations of
charge within the D1/D2 heterodimer drive the oxidation of the MnsCaOs cluster, with tyrosine
Y serving to transfer electrons from the MnsCaOs cluster to Peso”". Four electrons are removed
from the MnsCaOs cluster during each catalytic cycle, advancing the cluster through five
oxidation states. These states are termed S,,, where “n”” denotes the number of oxidizing
equivalents stored (n = 0 —4). The S; state predominates in dark-adapted samples. The S, state
is a transient intermediate whose formation triggers the utilization of the four stored oxidizing
equivalents to form O, from two substrate-water-derived metal ligands, the regeneration of the S,
state, and the binding of at least one of two new substrate water molecules. The cluster’s metal
ions are ligated by six carboxylate groups, one histidine side chain, and four water molecules.

All but one of the amino acid ligands are provided by the D1 subunit.
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In the highest resolution structures, the MnsCaOs cluster consists of a distorted Mn3;CaO4
cube that is linked to a fourth Mn ion (denoted Mn4) by two oxo bridges (denoted O4 and OS5,
see Figure 1). Considerable evidence supports identifying OS5 as the deprotonated form of one of
the two substrate water molecules (/6-19). It is present as a p-hydroxo bridge in the S state (/9)
and as a fully deprotonated p-oxo bridge in the S, state (/6). The MnsCaOs cluster is structurally
flexible. In the S, state it interconverts between two nearly isoenergetic conformations (20). In
one conformation, O5 coordinates to Mn4, leaving Mn1 five-coordinate. In the second
conformation, O5 coordinates to Mn1, leaving Mn4 five-coordinate. During the S; to S;
transition, an additional oxygen joins O5 between Mn4 and Mn1 (27-25). This additional
oxygen [denoted O6 (25)] has been proposed to correspond to a water molecule that deprotonates
and relocates from the Mn4-bound W2 position (26-32) or the Ca*'-bound W3 position (33-38).
It is thought to correspond to a deprotonated form of the second substrate water molecule (22,
23,25, 27, 29-31, 33-37, 39-42). Its relocation to a position between Mn4 and Mn1 and adjacent
to OS5 during the S, to Ss transition would ensure that the two substrate oxygen atoms have
opposite spins as the O-O bond is formed in the S, state, substantially decreasing the activation
energy for bond formation (22, 23, 39, 43). The relocation also would ensure that the two
oxygen atoms that will form the O-O bond are held in close proximity only after the S state is
fully formed, thereby preventing deleterious catalase-like activity in the lower S states (23, 41).
The subsequent formation of the Y'S; state locks the two oxygen atoms in position for O-O

bond formation in the S, state (44).
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FIGURE 1. Water molecules and selected residues in the vicinity of the MnsCaOs cluster.
Residues are from the D1 subunit unless noted otherwise. Salmon-colored spheres, manganese
ions; yellow sphere, calcium; green sphere, chloride; red spheres, oxygen atoms of p-oxo bridges
and water molecules. The coordinates for this figure were constructed with QM/MM methods
(45) based on the coordinates in the 1.9 A X-ray crystallographic model (8) and were kindly

provided by V. S. Batista and coworkers.

The oxidations of the MnsCaOs cluster are coupled to the release of protons, with
electrons and protons being removed alternatively as the S state cycle proceeds (46-48). The
alternating deprotonations and oxidations prevent the redox potential of the MnsCaOs cluster
from rising to levels that prevent its subsequent oxidation by the Y7* radical anion.

Deprotonation of the MnsCaOs cluster takes place via one or more proton egress pathways that
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link the MnsCaOs with the thylakoid lumen. These pathways are comprised of networks of
hydrogen-bonded water molecules and protonatable amino acid side chains [e.g., refs 49-57].
Elements of these networks are undoubtedly dynamic in nature (57, 58). One such network
includes a series of hydrogen-bonded water molecules that stretches from Yz to D1-D61 (see
Figure 1). DI1-D61 is the initial residue of a proton egress pathway that facilitates the S; to S4
transition (59-65). Adjacent to numerous water molecules in this network is the hydrophobic
residue, D1-V185. The side-chain of this residue lies 3.7 A from OS5 and 3-5 A from waters W2,
W3, W5, W6, and W7. The D1-V185N mutation has been shown to dramatically slow the rate
of O, release and extend the kinetic lag phase of the S; to S4 transition (66). This lag phase
occurs prior to Mn reduction/O, formation has been attributed to proton movement (46-48, 67,
68) and/or a structural rearrangement (69). The alterations caused by the D1-V185N mutation
have been attributed to a disruption of the hydrogen bonded water molecules in the proton egress
pathway that facilitates the S; to S4 transition (66). Indeed, the DI-V185N mutation was
constructed to disrupt the orientation and dynamics of these water molecules (66).

FTIR difference spectroscopy is an ideal method for characterizing structural changes
(70-73) and has been employed extensively to study the S state cycle in PSII (74-80). FTIR is
especially suited for probing changes in hydrogen bonding. In PSII, the C=0 stretching modes
of hydrogen-bonded carboxylic acids have been monitored in the 1760 — 1730 cm™ region (63,
65, 81-85), the N-H stretching mode of a protonated histidyl group has been monitored in the
3000 — 2400 cm™' region (86), the O—H stretching modes of weakly hydrogen-bonded water
molecules have been monitored in the 3700 — 3500 cm™ region (65, 84, 85, 87-94), the O-H
stretching modes of strongly hydrogen-bonded water molecules have been monitored in the

3200 — 2500 cm™ region (65, 84, 85, 88, 93-95), and D—O—D bending modes have been
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monitored in the 1250 — 1150 cm™ region (65, 94, 96). In this study, we employed FTIR
spectroscopy to characterize the impact of the D1-V185N mutation on the carboxylate groups
and water molecules that form part of a putative proton egress pathway leading from the
Mn4CaOs cluster to the thylakoid lumen. We find that the D1-V185N mutation perturbs this
network to a greater extent than any other mutation yet examined, alters the environments of the
carboxylate groups whose pK, values change in response to the S; to S, and S; to S; transitions,
and alters the environment of the water molecule whose D-O-D bending mode disappears during
the S, to S; transition. The latter observation is consistent with identifying W3 as the water

molecule that deprotonates and joins O5 during the S; to S transition.

MATERIALS AND METHODS

Construction of Mutant and Propagation of Cultures. Cells and thylakoid membranes of
the D1-V185N mutation-bearing strain of Synechocystis sp. PCC 6803 have been characterized
previously (66). The mutation was constructed in the psbA4-2 gene of Synechocystis sp. PCC
6803 and transformed into a strain of Synechocystis that lacks all three psbA genes and contains a
hexahistidine-tag (His-tag) fused to the C-terminus of CP47 (97). The wild-type strain described
in this manuscript was constructed in an identical manner as the D1-V185N strain but with a
transforming plasmid that carried no mutation. Large-scale cultures were propagated as
described previously (98).

Purification of PSII core complexes. Oxygen-evolving PSII core complexes were purified

as described previously in buffer containing 1.2 M betaine, 10% (v/v) glycerol, 50 mM MES-
NaOH (pH 6.0), 20 mM CaCl,, 5 mM MgCl,, 50 mM histidine, 1 mM EDTA, and 0.03% (w/v)

n-dodecyl f-D-maltoside (65). These were concentrated to approx. 1 mg of Chl/mL, flash-
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frozen, and stored at —80 °C.

Preparation of FTIR samples. PSII core complexes were transferred into 40 mM
sucrose, 10 mM MES-NaOH (pH 6.0), 5 mM CaCl,, 5 mM NacCl, 0.06% (w/v) n-dodecyl B-D-
maltoside, concentrated, mixed with 1/10 volume of fresh 100 mM potassium ferricyanide, then
dried lightly with dry N, gas (94). Samples were then rehydrated and maintained at a relative
humidity of 95% by spotting six 1 uL droplets of 40% (v/v) glycerol in water around the
window’s periphery before a second window was placed on the first with a thin o-ring spacer in
between. For samples having natural abundance H216O exchanged for D216O or D2180, the
lightly dried samples were rehydrated with 40% (v/v) glycerol(OD); (98% D, Cambridge Isotope
Laboratories, Inc., Andover, MA) in D,'°0 (99.9% D, Cambridge Isotope Laboratories, Inc.,
Andover, MA) or D,'*0 (98% D, 97% 180, Cambridge Isotope Laboratories, Inc., Andover,
MA), respectively (65, 94, 96). Sealed samples were equilibrated in the FTIR sample
compartment at 0°C in darkness for 1.5 h, illuminated with 6 pre-flashes, then dark-adapted for
30 min (65, 94). For each sample, the absorbance at 1657 cm™ (amide I band) was 0.6 — 1.1.

FTIR Spectroscopy. Spectra were recorded with a Bruker Vertex 70 spectrometer
(Bruker Optics, Billerica, MA) outfitted with a pre-amplified, midrange D317 photovoltaic MCT
detector (Kolmar Technologies, Inc., Newburyport, MA), as described in ref. (94). After dark
adaptation, samples were given six flashes at 13 s intervals. Two transmission spectra were
recorded before the first flash and one transmission spectrum was recorded starting 0.33 s after
the first and subsequent flashes (each transmission spectrum consisted of 100 scans). The 0.33 s
delay was included to allow the oxidation of Q4™ by the ferricyanide. Difference spectra of the
successive S-state transitions (e.g., Sy+1—minus—S, difference spectra, henceforth written

Sy+1—Sn), were obtained by dividing the transmission spectrum obtained after the n™ flash by the

8
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transmission spectrum obtained before the n™ flash, then converting the ratio to units of
absorption. The background noise level and the stability of the baseline were obtained by
dividing the second pre-flash transmission spectrum by the first and converting the ratio to units
of absorption (these spectra are labeled dark—dark in each figure — these are control difference
spectra obtained without a flash being given). The sample was then dark-adapted for 30 min and
the cycle was repeated. For each sample, the illumination cycle was repeated 15 times. The
spectra of 20-61 samples were averaged (see figure legends). The amplitudes of the D1-V185N
difference spectra were multiplied by factors of 1.2 to 2.4 to normalize the peaks corresponding
to the reduction of ferricyanide to ferrocyanide by Q4™ (at 2115 and 2037 cm™, respectively) to
those in the corresponding wild-type spectra (this procedure normalizes the spectra to the extent
of flash-induced charge-separation).

Other Procedures. Chlorophyll concentrations were determined as described in ref. (99).

RESULTS

Midfrequency Region. The mid-frequency difference spectra produced by four flashes
given to wild-type and D1-V185N PSII core complexes are compared in Figure 2 (black and red
traces, respectively). The spectra produced by the first, second, third, and fourth flashes of the
wild-type samples closely resemble spectra presented previously for PSII preparations from
Synechocystis sp. PCC 6803, Thermosynechococcus elongatus, and spinach, and correspond
predominantly to S;-S;, S3-S,, So-S3, and S-Sy difference spectra, respectively [e.g., refs. (74-76,
78-80, 100-102)]. The S,-S; spectrum of D1-V185N PSII core complexes (upper red trace in
Figure 2) showed substantial changes in throughout the mid-frequency region. In the amide I

region, the 1707(-) cm™ feature was enhanced and a positive feature appeared at 1677 cm™ in
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place of the 1681(-) cm™ and 1672(+) cm™ features of the wild-type. In the asymmetric
carboxylate stretching [Vasym(COO™)] and amide II region, the 1629(-) cm’' feature was
enhanced, a positive feature appeared at 1603 cm™, the 1587(+) cm™, 1560(-) cm™, and 1544(-)
cm’ features were diminished substantially, a negative feature appeared at 1573 cm™, and the
1531(+)/1523(-) cm™ derivative feature was eliminated. The features in the symmetric
carboxylate stretching [veym(COO")] region were diminished: the 1416(-)/1410 (+) cm’
derivative feature shifted to 1423(-)/1416(+) cm™', the 1400 (-) cm™ feature shifted to 1388(-)
cm™, the 1364(+) cm™ and 1354(-) cm™' features shifted to 1368(+) cm™ and 1360(-) cm™,
respectively, and a small positive feature appeared at 1288 cm™. Also, the 1260(+)/1250(-) cm™
feature was diminished. In the carbonyl stretching [v(C=0)] region, the 1746(-) cm’! feature was
diminished and replaced by a negative feature at 1737 cm™. An expanded view of this region is
shown in Figure 3 (top left panel).

The S3-S; spectrum of D1-V185N also showed changes throughout the mid-frequency
region (second set of traces in Figure 2). In the amide I region, a negative feature appeared at
1704 cm™, the 1697(+) cm™ feature was enhanced, the 1687(-) cm™ and 1675(-) cm™ features

were diminished, and the 1675(-)/1666(+)/1659(-) cm™ feature was replaced with a

0
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33 FIGURE 2. Mid-frequency FTIR difference spectra of wild-type (black) and D1-V185N (red)
PSII core complexes in response to four successive flash illuminations applied at 0°C. The data
38 (plotted from 1770 cm™ to 1170 cm™) represent the averages of 22 wild-type and 20 D1-V185N
40 samples (33,000 and 30,000 scans, respectively). The D1-V185N spectra were multiplied
vertically by factors of 1.2 to 1.4 to approximately normalize the wild-type and mutant spectra to
45 the extent of flash-induced charge separation. The dark-dark control trace of the mutant (lower
47 red trace) also multiplied by a factor of 1.4. The dark-dark control traces show the noise level

49 and the stability of the baseline.
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FIGURE 3. FTIR difference spectra of wild-type (black) and D1-V185N (red) PSII core

complexes in the v(C=0) region. The data are expanded from those shown in Figure 2.

negative feature at 1661 cm™. In the Vasym(COO")/amide II region, a negative feature appeared at
1622 cm™, and the 1537(+) cm™ and 1524(+) cm™ features were replaced with a 1549(+)/1541(-
)/1531(+)/1521(-)/1509(+) cm™ feature. In the vym(COO") region, the 1423(-)/1414(+) cm’™
derivative feature was eliminated, the 1383(+) cm™' feature shifted to 1376 cm™', and the 1344(+)
cm’' feature shifted to 1348 cm™. In the v(C=0) region, the 1746(+) cm’’ feature was

diminished and shifted to 1750 cm™. An expanded view of this region is shown in Figure 3 (top

right panel).
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The S¢-S; spectrum of D1-V185N was diminished substantially in amplitude and showed
substantial changes throughout the mid-frequency region (Figure 2, 3rd set of traces). In the
amide I region, the 1700(-) cm™ and 1679(+) cm™ features were nearly eliminated. In the
Vasym(COO")/amide 1II region, the 1650(-) cm’' feature shifted to 1646 cm™, the 1642(+) cm™ and
1625(-) cm™ features were eliminated, the 1587(-) cm™ feature was replaced with a 1583(+) cm™
feature, the 1544(+) cm™ and 1509(-) cm™ features were sharply diminished, and the 1529(-
Y/1522(+) cm™ feature was eliminated. In the Veym(COO") region, the 1443(-) cm’” feature was
sharply diminished, and the 1414(+)/1392(-)/1384(+)/1365(-)/1358(+) cm’’ feature was replaced
with a 1424(+)/1416(-)/1402(+)/1376(-)/1365(+) cm™ feature, the 1345(-) cm™ feature shifted to
1349(-) cm™, and the 1324(-) and 1280(-) cm™ features were diminished. In the v(C=0) region,
the 1746(+) cm™ feature was eliminated (see expanded view in Figure 3, lower left panel).

The S;-Sy spectrum of D1-V185N also was diminished substantially in amplitude and
showed substantial changes throughout the mid-frequency region (Figure 2, 4th set of traces). In
the veym(COO") region, the 1421(+) cm™ and 1395(+) cm™ features shifted to 1424(+) cm™ and
1387(-) cm™', respectively. Most other features throughout in the mid-frequency region were
sharply diminished or eliminated. In the v(C=0) region, the 1753(+)/1745 cm”’ derivative
feature was eliminated (see expanded view in Figure 3, lower right panel).

Strongly H-bonded O—H stretching region. The O—H stretching vibrations of strongly
H-bonded OH groups are observed as very broad positive features between 3200 and 2500 cm-!
(65, 84, 85, 88, 93-95). These features have been observed in PSII core complexes from
Synechocystis sp. PCC 6803 and Thermosynechococcus elongatus and in PSII membranes from
spinach and are diminished or eliminated (presumably downshifted) in the presence of DO (65,

88). These regions of wild-type and D1-V185N PSII core complexes are compared in Figure 4.

3
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In the S,-S; spectrum (Figure 4, upper traces), the broad feature is overlain with numerous
positive features that correspond to C—H stretching vibrations from aliphatic groups and N-H
stretching vibrations and their Fermi resonance overtones from the imidazole group(s) of one or
more histidine residues (87, 88, 103). Our data show that the D1-V185N mutation causes only

slight perturbations in this region of any of the difference spectra.
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49 FIGURE 4. FTIR difference spectra of wild-type (black) and D1-V185N (red) PSII core
55 complexes between 3100 and 2150 cm™ in response to four successive flash illuminations

54 applied at 0°C. The data were collected simultaneously with that shown in Figure 2. The spectra

5
60 ACS Paragon Pllus Environment



oNOYTULT D WN =

Biochemistry Page 16 of 52

of the D1-V185N samples were multiplied vertically as in Figure 2, and were shifted vertically to
coincide approximately at 3700 cm™. Dark-dark control traces show the noise level and the

stability of the baseline (lower traces).

Weakly H-bonded O-H stretching region. The O—H stretching vibrations of weakly
hydrogen bonded OH groups of water molecules appear between 3700 and 3500 cm™. These
features are shifted 930-960 cm™ to lower frequencies in D,'°0 and approximately 10 cm™ to
lower frequencies in H,'®0 (65, 87, 88, 104). These features have been examined in PSII from
Thermosynechococcus elongatus (87-89, 96), Synechocystis sp. PCC 6803 (65, 84, 85, 90, 92,
94), and spinach (91, 93). In our wild-type samples, this region of the S,-S; spectrum exhibited a
weak negative feature at 3663 cm™, a weak positive feature at 3617 cm™, and a large negative
feature at 3584 cm™ (Figure 5, upper black trace). Corresponding features in the O—D region
were observed at 2710(-) cm™, 2682(+) cm™, and 2650(-) cm’! (Figure 6, upper black trace).
The D1-V185N mutation diminished the 3663(-) cm™ feature and replaced the broad positive
feature centered at 3617 cm™ with a broad negative feature centered at 3619 cm™ (Figure 5,
upper black trace). Corresponding D1-V185N-induced changes were observed in the O-D
region of the S,-S; spectrum (Figure 6, upper red trace): the negative feature at 2710 cm™ was
diminished and the broad positive feature centered at 2682 cm™ was replaced with a broad
negative feature centered at 2683 cm™.

The weakly hydrogen bonded O—H regions of the S3-S,, So-Ss, and S-Sy spectra in our
wild-type samples showed broad negative features centered at approximately 3600, 3618, and
3611 cm™, respectively (Figure 5, lower black traces). The corresponding negative features in

the O-D regions showed minima at 2634, 2675, and 2663 cm'l, respectively (Figure 6, lower

6
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black traces). The apparent D1-V185N-induced decrease in the intensity of the 3600 cm™

feature in the S3-S; spectrum (Figure 5, second red trace) may be the result of a shift in the

oNOYTULT D WN =

baseline because similar mutation-induced decrease was not observed in the O-D region (Figure
10 6, second red trace). The D1-V185N mutation produced little significant change in the O-H or

O-D regions of the Sy-S; or S-Sy spectra (Figures 5 and 6, third and fourth sets of traces).
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FIGURE 5. FTIR difference spectra of wild-type (black) and D1-V185N (red) PSII core

complexes in the weakly hydrogen bonded O—H stretching region in response to four successive
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flash illuminations applied at 0°C. The data were collected simultaneously with that shown in

Figure 2, were multiplied vertically as in Figure 2, and were shifted vertically to coincide

oNOYTULT D WN =

approximately at 3700 cm™. Dark-dark control traces show the noise level and the stability of

10 the baseline (lower traces).
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applied at 0°C. The data represent the averages of 32 wild-type and 61 D1-V185N samples
(48,000 and 90,300 scans, respectively) after hydration with D,'°0 and were recorded
simultaneously with the D,'°O data shown in Figures 7 and 8, respectively. The D1-V185N
spectra were multiplied vertically by factors of 1.2 as in Figure 8 and were shifted vertically to
coincide approximately at 2750 cm™. Dark-dark control traces show the noise level and the

stability of the baseline (lower traces).

D-O-D Bending Region. D-O-D vibrational modes appear near 1210 cm™ (96, 105) and
are inherently weak. However, they can be observed in D216O-D2180 double difference spectra
(65, 94, 96). The mid-frequency FTIR difference spectra of wild-type PSII hydrated with D,'°0
or D,'®0 are shown in Figure 7. The corresponding spectra of D1-V185N are shown in Figure 8.
In Figure 8, the difference spectra of the mutant samples were multiplied vertically by factors of
1.2 normalize the spectra to the amplitudes of the negative peak of ferricyanide at 2115 cm™ and
the positive peak of ferrocyanide at 2037 cm™ in the corresponding wild-type spectra shown in
Figure 7. To calculate the D,'°0-D,"®0 double difference spectra, the difference spectra shown
in Figures 7 and 8 were subtracted directly. The resulting S;+1-Sy D216O-D2180 double difference
spectra of wild-type and D1-V185N in the D-O-D bending [6(DOD)] region are compared in
Figure 9 (black and red traces, respectively). The double difference spectra for the wild-type
PSII core complexes resembled those reported previously for Thermosynechococcus elongatus
(96) and Synechocystis sp. PCC 6803 (65, 94). The negative feature at 1263 cm™ in the S,-S;
double difference spectrum was reported previously in spectra from Thermosynechococcus
elongatus and was not assigned to a 3(DOD) mode (96). It has not been reported previously in

spectra from Synechocystis sp. PCC 6803 (65, 94). It may be relevant that samples exhibiting
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this feature were equilibrated at a relative humidity of 95% (Ref. (96) and this study), whereas
samples not exhibiting this feature were equilibrated at a relative humidity of 99% (635, 94).

In the S,-S; D1'°0-minus-D,'%0 double difference spectrum, the D1-V185N mutation
shifted the intense 1221(-) and 1210(+) cm™ to 1224(-) and 1212(+) cm™, respectively, shifted
the less intense 1188(-) and 1174(+) cm™ features to 1196(-) and 1184(+) cm™, respectively, and
eliminated the negative feature at 1263 cm™ (Figure 9, upper pair of traces). In the S3-S, D,'°O-
D,"®0 double difference spectrum, the D1-V185N mutation shifted the weak 1200(+) and 1192(-
)em™ features to 1194(+) and 1184(-) cm™, respectively, diminished the 1238(-) cm’ feature and
shifted it to 1232 cm™, and eliminated the 1265(-) and 1171(+) cm™ features. There were few
recognizable features in the Sy-S; and S;-Sg D216O-D2180 double difference spectra (Figure 9,
lower two pairs of traces), possibly because of the lower amplitudes of the Sy-S; and S;-S¢

difference spectra, as was observed in spectra equilibrated with H,O (Figure 2).
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FIGURE 7. Mid-frequency FTIR difference spectra of wild-type PSII core complexes in
response to four successive flash illuminations applied at 0°C after hydration with D,'°0 (red) or
D,'%0 (green). The D,'°O and D,'®O data represent the averages of 32 samples (48,000 scans for
each trace) and 30 samples (44,400 scans for each trace), respectively. The dark-dark control

traces show the noise level and the stability of the baseline (lower traces).
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FIGURE 8. Mid-frequency FTIR difference spectra of D1-V185N PSII core complexes in
response to four successive flash illuminations applied at 0°C after hydration with D,'°0 (red) or
D,'%0 (green). The D,'°O and D,'®O data represent the averages of 61 samples (90,300 scans for
each trace) and 60 samples (89,900 scans for each trace), respectively. The D1-V185N spectra
have been multiplied vertically by factors of 1.2 to approximately normalize the spectra to the
extent of flash-induced charge separation in the corresponding wild-type spectra of Figure 7.

The dark-dark control traces were also multiplied by factors of 1.2 and show the noise level and

the stability of the baseline (lower traces).
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were subtracted directly but were offset vertically to maximize overlap. The lower traces show
the noise levels and were obtained by calculating the D,'°0-D,'®0 difference spectra of the dark-

dark traces shown in Figures 7 and 8.

DISCUSSION

Carboxylate Residues. The oxidations of the MnsCaOs cluster during the S state cycle
alter veym(COO") and v,4m(COO") modes of carboxylate groups and amide I and amide II modes
in the polypeptide backbone (/01, 102, 106). On the basis of a recent QM/MM study, it was
concluded that multiple carboxylate ligands of the Mn4CaOs cluster contribute to most of the
features in the vo;m(COO") region of the S,-S; spectrum (/07). However, the individual mutation
of four of the MnsCaOs clusters carboxylate ligands, D1-D170H (108, 109), D1-E189Q (110,
111), D1-E189R (111), D1-E333Q (92), and D1-D342N (98) produced little or no changes to
any of the mid-frequency S;+;-S, FTIR difference spectra (also see ref. (//2)). Experimentally,
mutations constructed at residues involved in the network of hydrogen bonds that extend from
Y, to D1-D61 and the D1-E65/D1-R334/D2-E312 triad and located 5 — 11 A from the nearest
Mn ion (e.g., D1-D61A, D1-E65A, D1-N87A, D1-Q165E, D1-N181A, D1-R334A, D2-E312A,
and D2-K317A), cause numerous changes throughout the mid-frequency FTIR difference
spectra, including in the vsm(COO") region of the S,-S; spectrum (63, 65, 81, 8§3-83).

Because D1-V 185 is located adjacent to numerous water molecules in the network of
hydrogen bonds that links Yz with D1-D61, the D1-V185N mutation would be expected to
substantially perturb this network. Indeed, the D1-V185N mutation alters features in the
Vsym(COO") and v,ym(COO )/amide II regions of the S,-S; spectrum to a greater extent than any

mutation yet examined. In the v4,n(COO’) region, the substantial decrease of the 1400(-) cm’™
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feature is also produced by the D1-Q165E and D1-R334Q mutations (83). The substantial
decrease of the 1364(+) cm™ feature is also produced by the D1-D61A (65), D1-Q165E (83),
D1-R334A (83), and D2-E312A (63) mutations, by the substitution of Sr** for Ca*" (93, 94, 113-
116), and to lesser extents by the D1-N181A (84) and D2-K317A (87) mutations. Finally,
alteration of the 1416(-)/1410(+) cm™ feature is also produced by D1-D61A (65), D1-N87A (85),
D1-N181A (84), D1-R334A (83), and D2-K317A (87) mutations. In the v,4m(COO’)/amide 11
region, the substantial decrease of the 1587(+) cm™ feature is also produced by the D1-D61A
(63, 65), D1-N181 (84), D1-Q165E (83), D1-R334A (83), and D2-K317A (81) mutations. This
feature corresponds to a V,5,m(COO") mode because it shifts in globally C-labeled samples
(101, 102, 106, 117) but not in globally '*N-labeled samples (81, 101, 102, 106, 118). The
substantial decrease of the 1544(-) cm™ feature is also produced by the D1-D61A (63, 65), D1-
E65A (63), D1-R334A (83), and D2-E312A (63) mutations, and to a lesser extent by the D1-
E329Q mutation (63). The elimination of the 1531(+)/1523(-) cm™ feature is also produced by
the D1-D61A (63, 65), D1-R334A (83), D2-E312 (63), and D2-K317A (8/) mutations and to a
lesser extent in some preparations having Sr*" substituted for Ca** (94, 113, 115). The 1544(-)
and 1531(+)/1523(-) cm™ features correspond to amide Il modes because they shift in both "*C
labeled (101, 102, 106, 117) and “°N labeled (81, 101, 102, 106, 118) samples.

These similarities of the D1-V185N-induced changes in the S,-S; spectrum to those
produced by the other mutations imply that the D1-V185N mutation perturbs the same extensive
network of hydrogen bonds that is perturbed by the other mutations, as expected from the recent
X-ray crystallographic structures (8-/0). However, the overall extents of the changes to the
Vsym(COO") and vaeym(COO)/amide 1I regions are greater than those that are caused by the other

mutations, implying that the D1-V185N mutation perturbs the networks of hydrogen bonds
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located between Yz, D1-D61, and the D1-E65/D1-R334/D2-E312 triad to a greater extent than
the other mutations.

In addition to altering features throughout the vsym(COO") and vasym(COO")/amide 11
regions of the S,-S; spectrum, the D1-V185N mutation also alters features throughout the S;-S;
spectrum. In wild-type PSII, the features in the Sy-S; and S;-Sy spectra reverse those in the S,-S;
and S;-S; spectra (74-76, 78-80). Because of the alterations produced by the D1-VI185N
mutation to the S,-S; and S3-S, spectra, it is not surprising that the mutation produces substantial
changes in these regions of the So-S; and S-Sy spectra. The lower amplitudes of these spectra
and the relative absence of features in the S;-S¢ spectrum may reflect the lower efficiency of the
S state transitions in the D1-V185N mutant (66).

Networks of H-bonds. The extensive networks of hydrogen bonds in the vicinity of the
Mn4CaOs cluster have been studied on the basis of changes to the v(C=0) modes of protonated
carboxylatic acid groups (63, 65, 81-85). In the S,-S; spectrum of wild-type, the 1746(-) cm™
feature has been assigned to a carboxylate group whose pK, value decreases in response to the
charge that develops on the MnsCaOs cluster during the S; to S, transition. This feature is
diminished or eliminated by the D1-D61A, D1-E65A, D1-E329Q, D1-R334A, and D2-E312A
mutations, and by overly dehydrating samples (63, 65, 83). That the same v(C=0) mode is
altered by all of these mutations and treatments implies the existence of an extensive network of
hydrogen bonds that extends at least 20 A across the MnsCaOs cluster (63, 65, 79, 83). In the S;3-
S, spectrum of wild-type, the small 1745(+) cm™ feature has been assigned to a carboxylate
group whose pK, value increases in response to the structural changes that occur during the S; to
S; transition. This feature is altered by the D1-D61A mutation and eliminated by the D1-Q165E

and D1-E329Q mutations. That the same v(C=0) mode is altered by all three mutations implies
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the existence of an additional network of hydrogen bonds that extends at least 13 A across the

Mny4CaOs cluster (65, 79, 83). Elements of these networks of hydrogen bonds may exist only

oNOYTULT D WN =

transiently (58, 7119). During the S3 to S transition, the 1746(-) cm” and 1745(+) cm’ features
10 appear to be reversed, resulting in a positive feature at 1746 cm™ in the So-S3 spectrum (79, 83).
The D1-V185N mutation alters the 1746(-) cm™ feature in the S,-S; spectrum, resulting in a

15 feature with a maximum at 1737 cm™ and a lower frequency shoulder. The mutation also alters
17 the 1745(+) cm™ feature in the S3-S, spectrum, diminishing its intensity and shifting it to 1750
cm™’. These alterations, in particular the 5-9 cm™ shifts, have been observed in no other mutant.
22 The shifts imply that the D1-V185N mutation alters the environments of the carboxylate groups
24 whose pK, values change in response to the S; to S; and S, to S; transitions.
Hydrogen-bonded Water Molecules. The broad positive feature observed between

29 3200 and 2500 cm™ in the S,-S; spectrum has been studied with QM/MM methods and attributed
31 to the coupled O-H stretching vibrations of strongly hydrogen-bonded water molecules in the
33 network that links D1-D61 with the Ca®" ion and Yz (93). In the QM/MM analyses, the broad
feature is dominated by the O-H stretching vibrations of W1 and W2 (93). This feature is

38 eliminated by the D1-D61A mutation (65), consistent with the hydrogen bond that exists

40 between this residue and W1 in the recent X-ray crystallographic structural models (8-10). The
broad positive features in the other S,-S, spectra have been assigned to the strongly hydrogen
45 bonded O-H stretching vibrations of water molecules in networks of hydrogen bonds that are

47 highly polarizable (88, 95). That the D1-V185N mutation only slightly perturbed these regions
of the S;+1-S, spectra implies that D1-V185 has limited influence on the networks of hydrogen
52 bonds in the vicinity of W1 and W2.

54 The features observed between 3700 and 3500 cm™ in the S,-S; spectrum also have been

9
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studied with QM/MM methods. They have been attributed to the coupled O-H stretching
vibrations of weakly hydrogen-bonded water molecules in the extended network of hydrogen
bonds that links D1-D61 with the Ca*" ion and Yz (93). The broad negative features observed in
the other S-S, spectra in this region are presumed to have the same origin (88, 89).
Consequently, these features contain contributions from multiple water molecules. The 3663(-)
cm™! and 3617(+) cm”! features in the S,-S; spectrum are diminished by the D1-N181A mutation
and eliminated by the D1-D61A and D1-E333Q mutations (65, 84, 92). The 3617(+) cm™
feature is also eliminated by the D1-N87A and D1-N87D mutations (85). These features are also
diminished sharply by the substitution of Sr** for Ca*" (94). The broad negative feature centered
at 3603 cm! in the S3-S; spectrum is also altered by the D1-D61A mutation. Consequently, the
Ca”" ion and the D1-D61 , D1-N87, D1-N181, and D1-E333 residues all influence the network of
hydrogen bonds that links D1-D61 with the Ca’" ion and Y. Inthe S,-S; spectrum of D1-
V185N PSII core complexes, the decrease of the 3663(-) cm’' feature and the replacement of the
broad positive 3617 cm™ feature with a broad negative feature centered at 3619 cm™ implies that
D1-V18S5 participates in the same network of hydrogen bonds. The replacement of the 3617(+)
cm’ feature with a negative 3619(-) cm’ feature further implies that the perturbation of this
extended network by the D1-V185N mutation is at least as substantial as the perturbations
introduced by the D1-D61A mutation.

The D-O-D bending region. The H-O—H bending mode [6(HOH)] is sensitive to
hydrogen bond interactions and disappears when a water molecule deprotonates (96).
Unfortunately, 8(HOH) modes appear near 1640 cm™, a congested region of the spectrum. In
contrast, 3(DOD) modes appear near 1210 cm™, a region nearly devoid of overlapping protein

modes (96, 105). Because these modes are very weak, they are detected in D,'°0-D,'*0 double
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difference spectra (65, 94, 96). In such a double difference spectrum, a shift of a single 6(DOD)
mode would show as up to four peaks, two from D216O and two from DZISO. Fewer peaks may
be observed because of spectral overlap. In wild-type samples, the number of features in the
D,'°0-D,'®0 double difference spectrum of the S; to S, transition (Figure 9, upper pair of traces)
implies that at least two 6(DOD) modes are shifted during this transition (65, 94, 96). In wild-
type samples, the amplitudes of most of the features oscillate during the S state cycle. For
example, the 1210(+) cm™ feature in the S,-S; double difference spectrum becomes negative (at
1211-1213 cm™) in the S3-S; and So-S; double difference spectra and positive again (at 1213 cm’
1) in the S;-Sy double difference spectrum. Also, the 1221(-) cm’! feature in the S,-S; double
difference spectrum becomes positive (at 1225 cm™) in the S3-S, double difference spectrum and
positive (at 1221 cm™) in the So-S; double difference spectrum. The oscillations imply that the
d(DOD) modes that are altered during the S; to S; transition are altered reversibly during the S
state cycle (65, 94, 96). One of these DOD molecules must form a hydrogen bond with D1-D61
because the D1-D61A mutation eliminates the intense 1221(—) cm™ and 1210(+) cm™ features
from the S,-S; D,'%0-minus-D,'*0 double difference spectrum (65). Because the D1-V185N
mutation shifted the 1221(-) and 1210(+) cm™ features in this spectrum (and the corresponding
1225(+) and 1213(-) features in the S3-S, double difference spectrum) by only 2-3 cm™ [no more
than is observed between different wild-type sample preparations (65, 94, 96)], we conclude that
the mutation has limited influence on the water molecules that interact with D1-D61. The same
conclusion was reached on the basis of the limited perturbations caused by the D1-V185N
mutation in the 3200 — 2500 cm region of the S,-S; spectrum (see above).

The larger 8-10 cm”' mutation-induced shifts of the 1188(-) and 1174(+) cm™ features in

the S,-S; double difference spectrum, in addition to other changes observed between 1200 and
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1140 cm™ in the S,-S; and S3-S, double difference spectra, shows that the D1-V185N mutation
perturbs at least one water molecule whose bending mode changes reversibly during the S state
cycle. This conclusion is consistent with the changes observed between 3700 and 3500 cm™ in
the S,-S; spectrum that were attributed to DI1-V185N-induced alterations in the extended
network of hydrogen bonds that links D1-D61 with the Ca*" ion and Y (see above).

Another D1-V185N-induced alteration to the S;-S, double difference spectrum (Figure 9,
second pair of traces) is the decreased intensity of the 1238(-) cm™ feature and its 6 cm™ shift to
1232 em™. In wild-type PSII, the 1238(—) cm™ feature in the S3-S, double difference spectra has
no positive counterpart in any of the other double difference spectra, implying that the bending
mode of one water molecule is eliminated during the S, to S; transition (65, 94, 96). Therefore,
the 1238(~) cm™ feature must correspond to a water molecule that deprotonates during the S, to
S; transition (or to a water molecule that physically replaces the water molecule that
deprotonates, see below). The 1238(-) cm’” feature in the S3-S, double difference spectrum is
eliminated or shifted substantially by the substitution of Sr** for Ca®" (94). Because
crystallographic (/20) and computational (45, 121, 122) studies show that the substitution of Sr**
for Ca*" perturbs only W3, W4, and W5, it has been proposed that (1) W3 is the water molecule
that deprotonates and joins O5 between Mn4 and Mn1 during the S; to S; transition and (2) W5
moves to the coordination position on Ca** vacated by W3 (94). Equating W5 with the 1238(-)
cm’ feature (94) would be consistent with this feature’s alteration by the D1-V185N mutation:
W35 is within 4.7 A of D1-V185 in the recent X-ray crystallographic structures of PSII (8-10).
Consequently, the D1-V185N-induced shift of the 1238(—) cm™ feature in the S3-S, double
difference spectrum would be consistent with identifying W3 as the water molecule that

deprotonates and joins O5 during the S; to Ss transition.
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SUMMARY AND CONCLUSIONS

The D1-V185N mutation perturbs the extensive network of hydrogen bonds that extends
from Yz to D1-D61 to a greater extent than any other mutation yet examined, yet does not alter
water molecules that interact directly with D1-D61. These perturbations are likely the reason
that the mutation dramatically slows the structural rearrangement or proton release event that is
the rate-limiting step for the S; to S4 transition. The mutation also alters the environments of the
carboxylate groups whose pK, values change in response to the S; to S, and S, to Ss transitions.
Finally, the mutation alters the environment of the water molecule whose bending mode
disappears during the S, to S3 transition, consistent with assigning the Ca*-bound W3 as the
water molecule that deprotonates and joins O5 during the S, to S; transition, possibly as the

second substrate water molecule for O, formation.
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acceptor; XFEL, X-ray free electron laser; Yy, tyrosine residue that mediates electron transfer

between the MnsOsCa cluster and Pggo .
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