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ABSTRACT. We have developed conditions for recording the low-frequents Eourier transform infrared
difference spectrum of hydrated PSIlI samples. By exchanging PSIl samples with bifferedter, we
found that a positive band at 606 chin the $/S; spectrum in®O water is clearly downshifted to 596
cm~t in 180 water. By taking double-difference {S; and 0 minus'®0) spectra, we assign the 606
cm~1 mode to an $mode and also identify a correspondingr@ode at about 625 cré. In addition, by

Sr and*“Ca substitution experiments, we found that the 606 'tmode is upshifted to about 618 cn

by Se* substitution but that this mode is not affected by substitution with*4@a isotope. On the basis

of these results and also on the basis of studies of Mn model compounds, we assign the 6@&®den

in the S state and the 606 cmi mode in the $state to a MrR-O—Mn cluster vibration of the oxygen-
evolving complex (OEC) in PSII. This structure may include additional bridge(s), which could be another
oxo0, carboxylato(s), or atoms derived from an amino acid side chain. Our results indicate that the bridged
oxygen atom shown in this MRO—Mn cluster is exchangeable and accessible by water. The downshift
in the Mn—O—Mn cluster vibration as manganese is oxidized during the—S S, transition is
counterintuitive; we discuss possible origins of this behavior. Our results also indicate’thstlSstitution

in PSII causes a small structural perturbation that affects the bond strength of th@-Mwvin cluster in

the PSII OEC. This suggests thatSrand by inference, Ca, communicates with, but is not integral to,

the manganese core.

Photosynthetic water oxidation takes place on the donor the exact geometry remains a matter of controve@y (
side of PSIE which is a multisubunit, integral membrane

rotein complex (for a review, see r&f. Key elements of . . . .
Fhe OEC arepa tet(ranuclear M cluster)( Ca anc(bfactors studying the OEC is Fourier transform infrared spectroscopy

and a redox active tyrosine residues, With its associated, (" 1/R). On the basis of studies of Mn model compounds,
hydrogen-bonded histidine (D1H190). The OEC accumulates S€veral diagnostic manganesigand and manganese
oxidizing equivalents in response to photochemical events Substrate modes are expected to occur in the low-frequency
within PSII, and cycles through five oxidation states termed egion (<1000 cnt?) of the IR spectrum{, 8). For example,

S, (n = 0—4), wheren denotes the number of oxidizing Mn2 di-u-oxo core vibrations have an intense and charac-
equivalents stored?( 3). When the $state is reached, s teristic IR absorption around 660’00 cnt!. However, water
released and (Ss regenerated. The high-resolution X-ray also absorbs IR radiation strongly in this region, which has
crystal structure of PSIl is not yet available, although limited previous FTIR studies of the OEC to higher frequen-
considerable recent progress has been makie Krom cies (>1000 cntl). We have overcome the technical
extensive EXAFS studies, however, the OEC is suggestedopstacles that have blocked access to the low-frequency
to consist of a pair of die-oxo bridged Mn dimerss), but region and reported the low-frequency (18G50 cntl) S/

S, difference spectra of partial dehydrated PSII samgdes (
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MATERIALS AND METHODS

PSII OTG (octyls-bp-thioglucopyranoside) cores, retaining
the three extrinsic polypeptides, were prepared from PSII
BBY membranes3) as described in ref4. Typical oxygen
evolution rates for our PSIl OTG cores were about 1400
umol of O, (mg of Chljt h™t (10). Sr- or Ca-reconstituted
samples were prepared o2 M NaCl-washed PSII OTG
cores. These cores were washed once with SMN buffer with
1 mM EGTA and then washed twice either with SMN buffer
[400 mM sucrose, 15 mM NacCl, and 50 mM Mes (pH 6.0)]
with 15 mM SrC} or 15 mM CacC} for hydrated samples or
with FTIR buffer [150 mM sucrose, 5 mM NacCl, and 5 mM
Mes (pH 6.0)] with 5 mM SrGlor 5 mM CaC} for partially
dehydrated samples. FdfCa-reconstituted samples, the
buffer contained 150 mM sucrose, 10 mM NaCl, 5 mM
44CaCQ, and 5 mM Mes (pH 6.0Y**CaCQ (*‘Ca, 96.1%)
was purchased from Cambridge Isotope Laboratories.
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Ficure 1. Low-frequency 9S; spectra of hydrated spinach PSII
RCCs in buffered®O (solid line, 1050 scans) dfO (dotted line,
750 scans) at 250 K, in the presence of ferricyanide. The dark minus

Hydrated samples for FTIR measurements were prepareddark spectrum (750 scans) was collected immediately before the

by spinning down PSII OTG cores (30 min at 20 000
rpm) to produce a pellet that was then sandwiched between
two AgBr sample windows. F3fO water exchange, the PSII
pellet was resuspended in buffefé@ water (SMN, pH 6.0)
and then spun down (3530 min at 20 000 rpm) to obtain
the pellet.’®0 water ¢95%) was purchased from ISOTEC
and ISONIC. For 8S; FTIR measurements of hydrated PSII
samples, 2L of a fresh 20 mM ferricyanide stock solution
was dried on the AgBr sample windows before adding the
PSII pellet. Partially dehydrated PSII samples for FTIR
measurements were prepared as described iaQefFTIR
experiments were performed on a Bomen MB101 spectrom-
eter with a Csl beam splitter and a liquid He-cooled Si
bolometer. Samples were cooled to 250 K by using a home-
built liquid nitrogen cryostat¥5). A custom-built, coated
CdTe filter was used to limit the FTIR bandwidth and
eliminate the HeNe calibration beani6]. The sample
temperature was regulated #0.1 K with a temperature
controller (LakeShore 321). Samples were illuminated by a
single flash from a frequency-doubled Nd:YAG laser (Quanta-
Ray GCR-11) (532 nmy7 ns,~30 mJ pulse! cn¥). Flash-
induced 9/S; FTIR difference spectra were obtained by
determining the ratio of the spectra obtained before illumina-
tion to those after the flash.

For FTIR measurements in the absence of ferricyanide,
because of charge recombination between the accepto
quinone and the manganese cluster at 250 K (the half-time
is about 2-3 min under our conditions), spectra were
recorded in shorter times (60 scans, about 72 s) compare
to the times used for ferricyanide-containing samples (150
scans, about 3 min). After completion of the light spectrum,
we waited 26-30 min to let the OEC decay back to the S
state, and recycled the same sample (total of three to five
times) to improve the signal-to-noise ratio.

RESULTS

We found that water absorbs much less strongly in the
350-650 cm! region when it is frozen into ice. This IR
window becomes wider as the temperature is further
decreased to 130 K (the lower limit of our cryostat). By
controlling the amount of sample and the water content, we
have been able to record the/§ difference spectrum by
using hydrated PSIl samples at 250 K. Figure 1 shows S

It

light minus dark spectra of the same samples. fespectrum is
normalized to match the overall intensity O insensitive bands
in the 60 spectrum. The double-differencé®@® minus 80)
spectrum is generated by subtracting #® spectrum from the
160 spectrum. All spectra were collected at 4 ¢mesolution.

S, difference spectra of hydrated PSII RCC samples in
buffered!O (solid line) or'O (dotted line) water at 250 K.
The%0 spectrum reproduces the/S spectrum of partially
dehydrated PSIlI samples that we reported previousty (
11). For example, positive bands at 631, 606, and 592cm
and negative bands at 618, 577, 498, 488, 411, and 398 cm
are present in both spectra (compare the solid line in Figure
1 with Figure 4 in refl1). The amount of time required for
the hydrated samples to reach thermal equilibrium with its
surroundings €1 h) is much shorter than that for partially
dehydrated samples {3 h); moreover, it is more straight-
forward to do 80 water exchange with hydrated PSII
samples. We found that a positive band at 606 tim the
S,/S; spectrum of PSII samples in buffer&® water (Figure
1, solid line) is very likely downshifted and overlapping with
the 592 cm* mode from ferrocyanidelQ) upon*O water
exchange (Figure 1, dotted line). The appearance of this
ferrocyanide mode at 592 crhin the difference spectra
indicates that ferricyanide accepts an electron frogn @
become reduced after the flash. The double-differetfa (
minus 80) spectrum is shown as the middle spectrum in
Figure 1. The 609/596 cn set of difference peaks in the
double-difference spectrum provides convincing evidence
hat we have observed a mode that involves an exchangeable
Xygen in its normal coordinate and that this mode shifts
upon the $— S; transition.

We had originally adapted the ferri/ferrocyanide technique
of Noguchi (17) for our low-frequency work because it
contributed fewer bands in the low-frequency region than
guinones 9—11). Ironically, the 592 cm ferrocyanide mode
obscures a critical region of the spectrum. To determine the
exact isotopic shift of the 606 crh mode without interfer-
ence from the ferrocyanide band, we recorded the flash-
induced FTIR difference spectrum of hydrated PSIl samples
in the absence of ferricyanide at 250 K (see Figure 2). Under
these conditions, the quinones (mostly likely)@ccept the
electron. The spectral features in the 5850 cn? region
in Figure 2 are very similar to those in Figure 1, except that
the ferrocyanide band at 592 cinis absent. Without the
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Ficure 2: Flash-induced FTIR spectra of hydrated spinach PSII
RCCs in buffered®0O (solid line, 600 scans) dfO water (dotted
line, 540 scans) at 250 K, in the absence of ferricyanide. The double-
difference %0 minus'80) spectrum is generated in the same way
as that shown in Figure 1. All spectra were collected at 4'cm
resolution.

interference of ferrocyanide, the 606 chmode in the'®*O
spectrum (Figure 2, top spectrum, solid line) is clearly
downshifted to 599 cnt in the 80 spectrum (Figure 2, top
spectrum, dotted line). The double-differen&®(minus'®O)
spectrum is shown as the bottom spectrum in Figure 2.

Because the 606 crhmode is a positive band in the/S
S: spectrum, it arises as the, State is generated. This
suggests that am $node has been shifted in forming the S
state. If this is the case, we expect to see evidence of this in
the S/S, difference spectrum. In the double-difference
spectrum of Figure 2, there is a weak negative band at 625
cmtin addition to the 609/596 cm derivative-shape feature
that we have discussed thus far. Although the 625'dmand
is weak, it is clearly above the signal-to-noise ratio and
repeats in both the presence (Figure 1) and absence (Figu
2) of ferricyanide? Figure 3 shows a simple model for
interpreting these spectral features in the double-difference
spectra of Figures 1 and 2. The 606 ¢mmode is
predominately an Smode that downshifts to 596 crhupon
180 water exchange. The correspondingn®de is present
as an adjacent band at about 625 éand becomes negative
in the S minus S difference spectrum. This ;Smode
downshifts to about 613 cri upon'®0 water exchange. In
the double-difference spectrum, the &6 cnm* mode in
160 and the $~613 cnt! mode in'80 are both positive
and overlap in the 606620 cm! region. Because the
intensity of the $ mode is much weaker than that of the
corresponding Smode at 606 cm' and also because there
is a strongly overlapping but oxygen-isotope-insensitive
mode at 631 cmt, this § mode is apparent only in the
double-difference spectra of Figures 1 and 2.

To identify the origin of the 606 cnt mode and also
possible C&" modes in the 8S; spectrum, we substituted
natural abundancé®Ca, 96.947%) C4d ions in PSIl samples
with SP* and with the*Ca isotope. Figure 4 shows the/ S
S; spectra of St (solid line)- and Ca™-reconstituted (dotted

21n the region above 635 cm the baseline becomes noisy (see
Figure 1, “dark minus dark” spectrum), as the polyethylene windows
of our bolometer become progressively opaque and water absorbanc
becomes significantly stronger. Accordingly, we ignore this frequency
region 635 cn1?) in our single- and double-difference spectra.
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Ficure 3: Simple model for the spectral features in the double-
difference ($/S; and®0 minus!®O) spectra in Figures 1 and 2. A
constructed model of th®¥0O/180 S, spectrum is shown as the top
spectrum (solid line). The modeléfD/80 S, spectrum is shown
as the middle spectrum (dashed line). The double-differenge (S
S; and1®0 minus!80) spectrum is shown as the bottom spectrum
(dotted line). The frequency for each mode listed in theu®l S
spectra (top and middle) is an approximate2(cnr1) number.
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Ficure 4: Low-frequency S, spectra of partially dehydrated,

T
600

réalt-washed, Sr-reconstituted (solid line, 450 scans) or2Ga

reconstituted (dashed line, 450 scans) spinach PSII RCCs at 250
K in the presence of ferricyanide. The double-difference (Ca minus
Sr) spectrum is generated by subtracting th&"®econstituted
spectrum from the Gd-reconstituted spectrum. Both spectra were
collected at 4 cm' resolution.

line), partially dehydrated PSIl RCCs. The double-difference
(C&" minus S#') spectrum is shown at the bottom. We
found that difference vibrational modes in both spectra are
very similar except that the 606 cirnmode in the spectrum

of Ca&"-reconstituted samples is most likely upshifted to
about 618 cm? in that of SF™-reconstituted samples. Thus,
these spectra implicate €aand St* in determining the
vibrational characteristics of the 606 chrmode.

To testif C&" is directly involved in the normal coordinate
of the 606 cm! mode in the §S; spectrum or if the Sr
substitution causes a structural perturbation to the OEC and
affects this mode indirectly, we carried out tHéCa"
substitution experiments shown in Figure 5. IPCi directly
involved in the 606 cm! mode in the §S; spectrum, we
should see a clear downshift in this mode when natural
abundancé®Ca is replaced with the heaviéiCa isotope.
However, Figure 5 shows that the 606 ¢hmode in the
40Ca"-reconstituted spectrum (dashed line) is not affected
by 44C&" substitution (solid line). Therefore, we conclude

Fhat the 606 cm* mode in the gS, spectrum does not

involve C&* directly in the normal coordinate. In addition,
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Ficure 5: Flash-induced FTIR difference spectra of partially
dehydrated, salt-washedC&"-reconstituted (dashed line, 600
scans) orf4Ca*-reconstituted (solid line, 720 scans) spinach PSlI

RCCs at 250 K in the absence of ferricyanide. The double-differenc

(*°Ca™ minus 44C&") spectrum is generated by subtracting the
44Cea*-reconstituted spectrum from tHeCa*-reconstituted spec-
trum. Both spectra were collected at 4 thmesolution.

from the double-difference’{Ca minus*Ca) spectrum of

Figure 5, we found no modes in the spectrum that were

sensitive to the mass of &a

DISCUSSION

Our results show that the 606 cinmode in the §S;
spectrum is sensitive 60 water but not t§*Ca substitution
in PSII. Therefore, the origin of this mode is most likely a
Mn—oxygen mode of the OEC in which the oxygen
exchanges on the 30 min time scale in theSstate. If the
oxygen exchange occurs only when thesgte is formed,
then the rate of exchange is considerably fastt (in).
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second possibility for the 606 crhmode is thevs,(Mn—
O—Mn) mode. In studies of Mn and Fe model compounds,
the vsy(MN—0O—Mn) mode is expected to occur570—

350 cntt and have aA®O shift between 0 and 17 crh(22,

23). Therefore, both the frequency and 8 shift for the
vsym{MN—0O—Mn) mode are close to the 606 cfrmode that

we observe. In addition, one study reported that the bridging
oxygen atom in the Mnu-oxo core is exchanged withO
water within 15-30 min @2). Although the intensity of the
vsym{MN—0O—Mn) mode is expected to be weak in IR, the
possibility that the 606 crmt mode arises from agym(Mn—
O—Mn) mode cannot be ruled out. A third potential
candidate is theis-O, u,-O core in a Mn trimer/monomer
structure (distorted cubane). On the basis of EXAFS and EPR
results, a Mn trimer/monomer structure has been proposed
as one of the potential structural models for the ORG, (

e 24—26). Unfortunately, up to now, there are no Mn model

compounds that closely mimic this proposed structure.
Nonetheless, in studies of multinuclear Mn compounds with
a uz-O bridge(s), Mnus-O core modes occur in the 650
600 cnm! region @6, 27). However, one study2f) shows
that the exchange rates of theO atoms in the symmetric
cubane Mn models are much slower (days) than we observed
for the 606 cm® mode (<30 min). It will require further
studies of Mn model compounds or an X-ray crystal structure
of the PSII OEC to test whether a Mr-O, u>-O core in

the Mn trimer/monomer structure provides the 606 &m
mode.

From the arguments presented above, we assign the 606
cm™! mode to a MR-O—Mn cluster mode of the OEC in a
multiply bridged structure. For the moment, however, we
leave open the identity of the other bridging atoms. In
addition, our results and the behavior of Mn model com-
pounds also suggest that, if the 606 ¢mode arises from

From studies of inorganic compounds, librational modes of the Mrn, di-u-oxo core structure, only one of the bridged

coordinated water and meteD (H,O and OH) stretch modes
are generally broad and weaR) (In addition, IR modes for
y(Mn=0) andv,s(Mn—0O—Mn) for singly oxo-bridged Mn
cluster usually occur above 700 chand typically have a
30—-40 cm! 80 downshift 8), much larger than the 10
15 cn1! %0 downshift we observed for the 606 chmode.
Therefore, they are unlikely to be the origin of the 606 ¢m
mode.

oxygen atoms in the MnO—Mn cluster that gives rise to
the 606 cm! mode can be exchanged with water under our
experimental conditions. On the other hand, if the 606%m
mode arises from the Mnus-O, u,-O core of the distorted
cubane structure, and if the Mr-O is indeed exchanged
much more slowly than the Mm,-O, this provides an
explanation for why only one of the bridged oxygen atoms
in the Mn—O—Mn cluster can be exchanged with water

Nonetheless, several potential candidates for the origin of under our conditions.

the 606 cm! mode remain. The first is the Mrdi-u-oxo

In addition to the $mode at 606 cmt, we identified a

core. By EXAFS and model compound studies, the 2.7 A corresponding Smode at~625 cnt?. Our result suggests
vector in EXAFS spectra of the OEC has been assigned tothat there is a small decrease in bond strength in the-Mn

the Mn, di-u-oxo core B). The Mnp di-u-0xo core in Mn

O—Mn cluster of the OEC upon the;$0-S transition. If

model compounds gives rise to a strong and characteristicthe 606 cm® mode arises from the Mndi-u-oxo core

IR absorption between 600 and 700 ¢n¢7, 8). The Mn,
di-u-oxo core modes also typically exhibit a-380 cnr?!
downshift caused by doubl€O labeling 8, 18). However,
single 0 labeling of one of the bridged oxygen atoms in
the Mn, di-u-oxo core is expected to give a smaltéd shift
(19). For example, an IR study of Mn model compounds
with the Mn, di-u-oxo core structure repodea 9 cm?
downshift by exchange with 53%0 water 0). Moreover,
the bridging oxygen atoms in Mrdi-u-0xo cores with a
(3+, 4+) oxidation state are exchanged witd water within
30 min in Mn model compoundd4 8, 21). From the results
presented above, we consider apMiru-oxo core vibrational
mode as a potential candidate for the 606 Emode. The

structure, our result seems to contradict a previous IR study
on Mn model compounds in whica 6 cn1? upshift of a
Mn, di-u-oxo core mode was reported upon oxidation of the
Mn, (3+, 4+) state to the Mp(4+, 4+) state R0). Simple
electronic considerations also predict that as the oxidation
level increases, the Mroxo bonds will contract and lead

to an increase in the bond strength of the,Miu-oxo core.
However, by studying the crystal structures of Mn model
compounds with the Mndi-u-0xo core structure, Brudvig
and co-workers found that the Miigand bond lengths
indeed decrease with increased oxidation state, but that the
contractions occur mainly in the ancillary Miigand bonds,

not in the Mn dix-oxo core £8). Therefore, the influence
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of the valence change on the frequencies of, Minu-oxo our results indicate that the bridged oxygen atom in the-Mn
core modes is likely to be small. This is further supported O—Mn cluster that gives rise to the 606 clmode is
by a resonance Raman study that rembaté. cnt* downshift accessible to and can be exchanged with bulk-phase water.
of a M, di-u-oxo core mode upon oxidation of the Mn  The upper limit for this exchange is that it occurs on the
(3+, 4+) state to the Mp (4+, 4+) state (8). It is very minutes or faster time scale as we find that it is complete
likely that other factors [e.g., changes in coordination sphere within our 30 min time resolution. The time resolution in
(ligands and geometry), loss of the Jafireller state, and  our experiments is limited by the time needed for spinning
perturbations to the hydrogen bonds of the OEC] account down the samples, loading the samples into the spectrometer,
for the frequency change that we observe for the OEC. In cooling to 250 K, and waiting for the sample to equilibrate
fact, such changes in coordination sphere and hydrogenwith the surroundings. Therefore, the proposal that substrate
bonding within the OEC have been suggested to occur uponwater binds at bridged positions of the Mn cluster is not at
the S-to-S; transition (L7, 29—32). odds with the results presented he2d)(In addition, a recent
If the 606 cnT* mode arises from the Mrdi-u-oxo core FTIR study has detected an-® stretching vibration mode
structure, our results also seem counter to previous XAS of a water molecule that undergoes a structural change upon
studies that showed that there is no significant change inthe S-to-S; transition of the OEC43). However, it remains
the Mn—Mn distance of the Madi-u-oxo cores upon the  unknown whether this water molecule is a substrate for the
Si-to-$; transition @8). However, by studying Mn models  OEC. If this water is a substrate molecule and is directly
with the Mn, di-u-oxo structure, we found that there are no bound to a Mn or Ca ion of the OEC, théfO sensitive
clear correlations between the frequency of the, Miau- Mn—0O or Ca-0 stretching and librational modes of this
oxo core mode and the MrMin distance. Instead, this mode substrate water should occur in our low-frequengBS-TIR
seems to have a correlation between the frequency of thedifference spectrum. However, we do not yet detect any of
Mn, di-u-oxo core mode and the ligand types (O vs N these Mn-substrate modes in our low-frequency/s
ligations) (N. Law and G. T. Babcock, unpublished results). spectra (Figures 1 and 2). On the basis of studies of inorganic
A better understanding of the coordination sphere and compounds with coordinated watet, @4), we suspect that
hydrogen-bonding status of the PSII OEC in its various S the intensity of these possible metalydrate modes is likely
states, which is accessible with FTIR techniques, and a moreto be too weak4A < 3 x 1075) to be identified under our
complete analysis of Mn model compounds will assist in current experimental conditions. We are working now to
understanding the nature of this frequency change. further improve the signal-to-noise ratio in our spectra to
Our results on Sr- andCa-reconstituted PSIlI samples identify these putative metahydrate modes. Their frequen-
suggest that 3t substitution in PSII causes a small structural cies and exchangeabilities will provide an incisive test for
perturbation by, for example, altering hydrogen bonding or current models of @evolution.
the ligand geometry of the MnO—Mn cluster in the PSII
OEC. This structural perturbation very likely accounts for ACKNOWLEDGMENT
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