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The oxygen-evolving complex (OEC) of photosyster(Pi&II)
is a manganese- and calcium-containing cofactor ¢htalyzes
the oxidation of water to dioxygen according to #vecalled ‘S-
state’ catalytic cycle proposed by Joliot and KdkSeveral
aspects of the OEC molecular structure have baeridelted by
X-ray crystallography and Fourier-transform infdirFTIR)
spectroscopy. However, the results obtained fromsehtwo
techniques have been judged to be contradictorty wigards to
the binding of the D1-subunit carboxyl terminus Bla344
which has long been thought to bind to one of tkainions in
the OEC®* The most recent crystal structures of PSII, olehiat
3.5-3.0 A resolution, suggest that D1-Ala344 isyvelose or
directly ligated to C# in the OEC>® In contrast, results from
several FTIR studies have been interpreted in t@fmumidentate
ligation of the C-terminus of D1-Ala344 to a Mn ibnt certainly

not to calciunt® It was observed that the frequency of the

symmetric stretching mode of the D1-Ala344 carbatg/ichanges
from 1356 cril, in the $ state, to either 1337 ¢hia red shift of
—19 cmt) or 1320 crit (a red shift of =36 cH) in the $ state’
likely due to a MA* to Mn** transition’® The observed frequency
shift is unaltered upon substitution of Chy SF*, although the
ionic radius increases from 0.99 A to 1.12 A, sustigg that D1-
Ala344 is not directly ligated to calciufThis communication
addresses the apparent contradiction between FMWtR Xaray

Figure 1: DFT QM/MM structural model of the OEC of PSII. N
that D1-Ala344 is unidentally ligated to £avhich is linked to thre
Mn(1), Mn(2) and Mn(3) viau-oxo bridges. The symmetric stretch
mode of the D1-Ala344 carboxylate is indicated vettows.

diffraction models, regarding D1-Ala344 ligation talcium in
the OEC, through the analysis of structural andratibnal
properties of models of the OEC in thea®d S states.

The structural models are constructed by using-sththe-art
quantum mechanics / molecular mechanics (QM/MM) rigdyb
methods in conjunction with the X-ray crystal sture of PSII
from the cyanobacteriunThermosynechococcus elongates,® as
recently describett These density functional theory (DFT)
QM/MM hybrid models suggest unidentate ligatiorDdf-Ala344
to calcium (Fig. 1), in partial agreement with Xrdiffraction
models. However, the C-terminus of D1-Ala344 is ligsted to a
Mn-ion. Therefore, these models offer a unique opity to
analyze whether S-state ftransitions affect the atitnal
frequencies of D1-Ala344, as observed in FTIR expents, even

when such a ligand is not directly coordinatedht® dxidized Mn
ion. To this end, we have computed the symmetritet
vibrational frequency of the D1-Ala344 carboxylatehich is
found to change from 1381 €nto 1369 crit, with a-12cm*red

shift, upon the Sto S oxidation. These results indicate that a red

shift of the same order of magnitude as the vibreti frequency
shift reported by FTIR studies can be produced kinhy the
underlying redistribution of charge in the-$S, transition, even
when D1-Ala344 is coordinated to €a

Remarkably, these observations regarding changes
vibrational frequencies of a ligand that is noedtty coordinated
to the oxidized metal-ion, apply not only to thempdete DFT
QM/MM models of the OEC of PSII, but also, more gely to
reduced models with common structural featurespdrticular,
the simplest possible model (modé) involves unidentate
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Figure 2: Model (), in which Ala is coordinated to €a|n dose
contact with a hydrated manganese ion underi Mn**—Mn*

Mn(lll)‘ 5 gcqz+

coordination of the carboxylate group of Ala toadain in close
contact with a hydrated manganese ion that

undergoe

Mn**-Mn*" oxidation (see Fig. 2). Table 1 shows that the

oxidation of manganese, in modelinduces a —40 cired-shift

Table 1. Vibrational frequency (in city of the symmetric stretching
mode of the Ala carboxylate in PSIl, as describgd=BIR (first row),
and as computed for the computational structuraletsodescribed in the
text at the DFT (B3LYP/6-31G*) level (rows 2-4)go is a measure of
the change in the bond order for all bonds relevanthe symmetric
stretching mode.

Oxidation State

Mode Mn* Mn* Freq. shift Aso
EXp. 1356 1320, 1337 -19,-36
QM/MM 1381 1369 -12 -0.017
I 1390 1350 -40 -0.024
1 134¢ 1297 -51 -0.05(

in the symmetric-stretch of the Ala carboxylategrewhen such a
ligand is not directly ligated to the manganese imstead, the
Ala carboxylate moiety is monodentally coordinatedCe* like
in QM/MM structural models of the OEC of PSII. Thederling
origin of the red-shift is due to a partial injecti of negative
charge from the Ala carboxylate towards’Ca compensate for
the increase of positive charge on Mn and its doatthn sphere.
One effect of this is to decrease the bond odlgy (see last
column in Table 1) defined as the sum of bond & dier the C-

04, C-0,, and C-G bonds. These are the bonds that exhibit the

largest displacement in the symmetric stretchingen@ee arrows
in Fig. 1), explaining the decrease in the forcestant of this
vibration mode.



Further agreement with the FTIR experiments is ¢buoy
replacing, in model, C&#" by SF*. Such substitution produces
only minor changes in the frequency of the symroettietching
mode of Ala, shifting from 1390 c¢to 1391 crit in the Mr*
state and from 1350 ¢hto 1351 crit in the Mrf* state. These
results are consistent with the observation thdistsution of
C&" by SF*in PSII produces negligible changes in therihus-
S, FTIR spectrd.

Next, we compare the frequency shift computed fodehl to
the corresponding frequency shift in a structuratel where Ala
is directly ligated to the Mn-ion. In order to carout this
analysis, we have investigated motlelvhere Ala is unidentally
ligated to a manganese ion that undergoed' MnMn** oxidation
(see Fig. 3).
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Figure 3: Model (1), described in the text, where Ala is coordinated
a hydrated manganese ion undergoingMa Mn** oxidation.
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Table 1 shows that the oxidation of the manganesédn model
Il also induces a red-shift in the frequency of thimmetric-
stretch of the Ala carboxylate. However, theseltesuggest that
the frequency shift in such a model tends to ovenase the red
shift (<51 cnt versus —19 cthor —36 cnt). Therefore, although
the observation of a frequency shift of —19cor —36 cnt is
consistent with the ligation schemes suggesteddnetsl andll,
the ligation schemes of modetompares more favorably with the
FTIR experiments. Considering these results, ifjurartion with
the vibrational frequency shifts due to thet®&S oxidation in the
DFT QM/MM structural models, we conclude that tHeserved
FTIR red-shift in the frequency of the carboxylaygmmetric-
stretch of D1-Ala344 is still consistent with thgation scheme
suggested by X-ray diffraction models, in which Bth344 is
very close or directly ligated to calcium.

In summary, we have shown that quantum mechanical (10)

calculations of vibrational frequency shifts dueodddation of a
high-valent manganese-ion in DFT QM/MM structuradels of
the PSIlI's OEC, are consistent with FTIR measuregsén even
when the C-terminus of the D1 polypeptide of PSllidirectly
ligated to calcium, as suggested by X-ray diffractimodels.
While the reported calculations do not rule outeotpossible
ligation schemes, such as unidentate ligation efdhrboxylate
group of alanine to manganese, or the bridginghe$ group
between manganese and calcium, we have shown freafueency
red shift of approximately -36 chn is consistent with the
unidentate ligation of the carboxylate group ofnie to C&"
alone, which is linked in turn to the redox-actMa ion via p-
oxo bridges. Furthermore, we have shown that silico

substitution of C& by SF* predicts a negligible effect upon the

calculated symmetric carboxylate stretching modethaf Ca-

bound alanine, in line with experiment. Therefdiese results
suggest that D1-Ala344 bound to calcium in the QE®SII is

consistent with both X-ray diffraction models antlR data. The
apparent disagreement between FTIR
crystallography on this point could be derived frime intrinsic
difficulties associated with the interpretationtioé FTIR data.

Supporting Information Available: Description of the methods
used to prepare the structural models of PSIlI aadetncompounds,
including figures of the resulting models. This eral is available
free of charge via the Internetldtp://pubs.acs.org
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