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Abstract: Difference infrared spectroscopy is used to study the manganese-containing catalytic site of photo-
system Il. Vibrational spectroscopy can test the hypothesis that there are protein conformational differences between
the two EPR detectable forms of the Sate, which are known as tlie= 4.1 and the multiline state. A light-
minus-dark difference spectrum is constructed at 200, 130, and 80 K. These illumination temperatures generate the
S, multiline state, the $g = 4.1 state, and a chlorophyll cation radical, respectively. Our data show that a unique
protein conformation is associated with the formation ofglve 4.1 S state. Also, difference infrared spectroscopy
demonstrates that formation of the ®ultiline state perturbs the vibrational spectrum of one or more carboxylic

acid residues that may be in the vicinity of the manganese cluster. The perturbation is probably due to a change in
hydrogen bonding or effective dielectric constant upon formation of phe&te8e. Further, this carboxylate residue

is conserved in plant and in cyanobacterial photosystem II.

Photosynthetic water oxidation occurs at the manganese®, or S = 3/, spin staté? In ammonia-treated samples,

cluster of photosystem Il. Oxidation of water at this site

hyperfine splittings can be observed on this sighdf. Theg

generates molecular oxygen and protons, which contribute to= 4.1 signal can be converted to the multiline form by
the ATP-producing proton gradient across the chloroplast incubation in the dark at 200 K7 This process has a negative

thylakoid membrane.

One-electron photochemistry in the entropy of activatiort® suggesting an ordering of the site is

photosystem Il reaction center is coupled to the four-electron associated with this process. Recent X-ray absorption spec-

oxidation of water by accumulation of oxidizing equivalents at

troscopy at the MarK edge has shown that there are small

the metal cluster. Upon photoexcitation, the manganese clusterstructural differences in the cluster when the two forms of the

cycles through five oxidation states called thesttes, where

S, state are comparéd!® It has been suggested that protein

n stands for the number of oxidizing equivalents stored. The conformational rearrangements may serve to interconvert the

S state converts to ;Sin the dark by reduction of a stable
tyrosine radical, & After illumination, there is one spin of'D
per reaction center. The;State is stable upon long dark
adaptation. The Sstate is unstable and converts tg @ith
the release of oxygeh.

The S state can be trapped by continuous illumination at
cryogenic temperaturés. All S state transitions except, $o
S, are blocked at temperatures below 208 K.a dark-adapted
sample in the Sstate is illuminated at 200 K, the, State that
is generated exhibits an EPR signal centered &t 2. This
“multiline” signal has at least 16 hyperfine lines with splittings
of 87.5 G lllumination at 130 K traps an alternate form of
the S state with a derivative-shaped EPR signad at 4.15-8
While the multiline signal arises from a ground st&e= Y/,
spin systend,the signal ag = 4.1 has been attributed toS=

two forms of the $ state’-8

Vibrational spectroscopy offers a method with which to test
the hypothesis that protein conformational rearrangements
underlie the magnetic differences observed betweergthe
4.1 and multiline states. Difference (light-minus-dark) infrared
spectroscopy has been used previously to identify mechanisti-
cally important conformational changes in membrane proféins.
For this reason, we have obtained difference-r{fhus-3)
infrared spectra on control arfth,O-exchanged photosystem
Il complexes at 200 and 130 K.

Materials and Methods

For experiments on plant photosystem I, a monodisperse photo-
system Il complex preparatidfwith rates of oxygen evolution greater
than 1000umol of O, (mg chlorophylth)™* was employed. The
antenna size has been determined to be approximately 120 chlorophylls

* Author to whom correspondence should be addressed.
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per reaction centéf'® For some experiments, a photosystem Il
preparation from the cyanobacteriBynechocystisp. 6803 was used,

with rates of oxygen evolution of 22Qamol of O, (mg chlorophylth)™.

The antenna size of this preparation is approximately 55 chlorophylls
per reaction centéf:'® Both preparations contain low-potential cyto-
chrome b-5591% To generate manganese-depleted samples, plant
photosystem |l preparations were treated with hydroxylamine by a
procedure previously describétl.For spectroscopic studies, samples
contained a stoichiometric amount of potassium ferricyanide (1 mol/
mol of reaction center).

Deuterium exchange was performed through concentration and
resuspension in &H,O buffer or by dialysis. A Centricon-100
concentrating device (Amicon, MA) was employed. The pD is reported
as the uncorrected pH meter readfhdn contrast to more rigorous
exchange method&?no significant change in the relative intensities
of the amide | and amide Il bands could be observed in the infrared
absorption spectrum after exchange.

Infrared spectra were recorded on a Nicolet 60-SXR spectrometer
equipped with a liquid nitrogen-cooled MCT-B detector. Spectral
resolution was 4 crmt, a Happ-Ganzel apodization function was used,
double-sided interferograms were collected, mirror velocity was 1.57

cm/s, and 1000 mirror scans were coadded to construct each interfero-

gram. The sample temperature was controlledt@3 K with a High-
Tran liquid nitrogen cryostat (R. G. Hansen & Associates, Santa
Barbara, CA) and a temperature control unit (Scientific Instruments
model 9620, West Palm Beach, FL). The liquid nitrogen cryostat was
equipped with Cafwindows. lllumination was provided with a Dolan-
Jenner fiber optic annular illuminator equipped with a red filter and a
heat filter. A Ge window was used to block any visible or near infrared
illumination of the sample from the infrared spectrometer bench. The
absorbance of the amide | band at 1655 tmwas less than 0.9
absorbance unit. The spectra were normalized to an amide Il
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Figure 1. Light-minus-dark difference EPR spectra of (A) cyanobac-
terial photosystem Il illuminated at 200 K, (B) plant photosystem Il
illuminated at 200 K, and (C) plant photosystem Il illuminated at 130
K. The chlorophyll concentration was 1.2 mg chl/mL and the gain was
2.5 x 10*in A. The chlorophyll concentration was 1.7 mg chl/mL,
and the gain was 3.2 10*in B and C. The spectrum shown in C was
expanded by a factor of 3.6 along thexis and a factor of 1.6 along
thex axis for presentation. Spectral conditions are given in the Materials
and Methods section.

absorbance of 0.5 absorbance unit. To construct the difference spectracontributions from the stable tyrosine radicalere eliminated. The

an interferogram recorded under illumination was ratioed directly to
an interferogram recorded in the dark. Two to four of these difference

EPR signal in the difference spectrum had a line width of approximately
10 G and was centered gt= 2.00. The chlorophyll origin of this

spectra were then averaged. Two thousand scans were coadded in som@gnal was suggested previousf. Saturating illumination and

of the experiments performed 8H,0-exchanged and cyanobacterial

temperature control out of the EPR cavity were provided as described

samples. Difference spectra obtained with 1000 scans and 2000 scand the paragraph above. Fremy'’s salt was used as a spin stafidard.

were identical except for the signal to noise ratio.

EPR control experiments on the production of thest&te were
performed through the use of a Varian E9 spectrometer equipped with
an Air Products cryostat or with a Bruker EMX 6/1 spectrometer
equipped with an Oxford cryostat. An EPR spectrum was recorded in
the dark before illumination. After illumination at the appropriate

Spectra were recorded at 95 K. Spectral conditions were as follows:
microwave frequency 9.1 GHz; microwave power 0.6 mW; modulation
amplitude 3.2 G; scan time 4 min; time constant 2.0 s.

Results
In Figure 1, we present light-minus-dark EPR spectra recorded

temperature, another EPR spectrum was recorded. A light-minus-darkon photosystem Il samples that have been illuminated at 200
difference spectrum was then generated. Saturating illumination was gnd 130 K. As expected, illumination of dark-adapted plant

provided by a Dolan-Jenner fiber optic illuminator equipped with a
red filter or with a red and a heat filter. In contrast to a recent refort,
we have found that illumination of this plant preparation at 130 K gave
similar results with and without the heat filter. Samples were
illuminated out of the EPR cavity in a transparent, nitrogen-flow dewar.
The illumination at 200 K was performed in a dry ieethanol bath,
the illumination at 130 K was performed by flowing cold nitrogen over
the sample, and the illumination at 80 K was performed in a liquid
nitrogen bath. Spectra shown in Figure 1 were recorded at 13 K.
Spectral conditions were as follows: microwave frequency 9.12 GHz;
microwave power 20 mW; modulation amplitude 32 G; scan time 5
min; time constant 0.25 s.

Spin quantitation of photooxidized chlorophyll cation radicals{Ehl
after illumination at 200 and 80 K was performed on a Varian E4
spectrometer equipped with a TE cavity. An EPR spectrum was
recorded in the dark before illumination. After illumination at the

appropriate temperature, another EPR spectrum was recorded. A light-

minus-dark difference spectrum was then generated in which the
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photosystem Il complexes at 130 K produces mainlydhe
4.1 form of the $ state (Figure 1C), while illumination at 200
K produces mainly the multiline form of the,State (Figure
1B). At 200 K, a low-amplitude signal &= 4.1 is observed.
The intensity of this signal is less than one-half the intensity of
theg = 4.1 signal observed at 130 K. This behavior is slightly
different from previous results, where the signals were shown
to interconvert more cleanf?* The origin of the difference
may be due to the difference in the cryoprotectant employed.
However, this effect may also be preparation dependent. The
preparation employed in our study is monodisperse, contains
low-potential cytochrom®-559, and retains the 18 and 24 kDa
proteins!® Such a preparation has never before been examined
with this technique.

lllumination of a cyanobacterial photosystem Il preparation
at 200 K also produces a multiline signal (Figure 1A). d\e
4.1 signal was observed upon illumination of the cyanobacterial
preparation at this temperature. A= 4.1 signal has never
been observed in a cyanobacterial sample (reviewed in Bebus

lllumination of the plant photosystem Il samples at 80 K
generated a chlorophyll cation radical in a stoichiometry of 0.81

(24) de Paula, J. C.; Li, P. M.; Miller, A.-F.; Wu, B. W.; Brudvig, G.
W. Biochemistryl986 25, 6487-6494.

(25) Wertz, J. E.; Bolton, J. RElectron Spin Resonanc€hapman and
Hall: London, 1986; pp 462463.



Protein Structural Changes in Photosystem Il J. Am. Chem. Soc., Vol. 118, No. 47, 1959

1667 1637
1729 e

1622

1739 1729 4 1689 ‘\
VoA N\ ,

\
1644
| [ 1657

v

1739 N 1649 1637
\ o

i l ]6I85 16‘60 16]35
i 1644 1428 em’
1 Figure 3. Replicate light-minus-dark difference FT-IR spectra of plant
1657 photosystem Il complexes obtained at 130 K. The tick marks ory the
T T T T T axis represent AA of 0.5 x 10°3. Spectral conditions are given in the
1770 1720 160 1650 1610 Materials and Methods section. Data correspond to individual light-
cm’ minus-dark spectra before spectral averaging.
Figure 2. Light-minus-dark difference FT-IR spectra of plant photo-
system Il complexes obtained at (A) 200 K, (B) 130 K, and (C) 80K gre influenced by the details of protein structure. For example,
To facilitate comparison, spectrum A ha_s been repeated in B and C aSsignificant intensity in this region of the light-minus-dark
the dashed line. The tick marks on $ewis represent AAof 1.0 % gitference spectrum may be associated with changes in second-
1073, Spectral conditions are given in the Materials and Methods section. . - -
ary structure content or other changes In protein conformation

+ 0.01 chit per stable tyrosine radical*D No EPR signals upon charge separation. Alternatively, intensity in this region

from the manganese cluster were observed at this illumination Of the difference spectrum may be due to alterations in
temperature. This result is in agreement with earlier charac- Vibrational coupling constants; these changes could be caused

terizations of plant photosystem Il membranes that contain low- by the generation of the positive and negative charges under

potential cytochrom&-55924 Illumination of plant preparations ~ illumination. ~ Chiorophyll macrocycle vibrations may also
at 200 K generated a chradical in a stoichiometry of 0.3% contribute in this regioR® as well as side chain vibrations from
0.01 chit per stable tyrosine radical*D primary amide groups such as glutamine and asparagde.

In Figure 2, we present difference (light-minus-dark) infrared ~ Figure 2 shows that spectra obtained at 80, 130, and 200 K
spectra that are associated with the generation of the multiline@ll exhibit both positive and negative lines in the 16820
state (Figure 2A) ang = 4.1 state (Figure 2B) and with the cm! region of the difference spectrum. Interestingly, this
photooxidation of chlorophyll (Figure 2C). The spectra are on region of the cht-minus-chl spectrum (Figure 2C) and of the
the same absorbance scale and have been corrected for any smdnultiline S-minus-§ spectrum (Figure 2A) are similar. The
difference in the total amount of protein or pathlength (see small differences that do exist may be from an increased
Materials and Methods). Since these are difference spectra,contribution of chlorophyll macrocycle vibrations.
unique vibrational modes of,%r chit will be positive lines, However, the 16861620 cm* region of the $g = 4.1-
and unique vibrational modes of &r chl will be negative lines. ~ Minus-S spectrum (Figure 2B) differs from that of the other
At all three temperatures, the terminal electron acceptor is the Spectra, with increased intensity in negative lines at 1678 and
single-electron acceptor,,38 Therefore, each spectrum will 1657 cntt and with decreased intensity in the positive line at
also contain positive contributions fromaQ and negative ~ 1650 cnt™. There is also an additional shoulder at ap-
contributions from Q. We assume that any spectral features proximately 1664 cm' in the 130 K difference spectrum. We
due to quinone reduction have similar frequencies and intensi- tentatively assign these lines to amide | vibrational lines. It
ties’ in all three difference spectra. Our discussion will center should be noted that these spectral features were reproducibly
on spectral features from the donor side of photosystem |1, which obtained in all data recorded at 130 K on these plant photo-
will be the unique vibrational lines observed at 130 and/or 200 System Il preparations (for example, see Figure 3). Also, these
K. Our future experiments will aim at an identification of the ~features were not observed in samples with similar amide |
quinone vibrational difference spectrum through isotopic label- absorbance upon illumination at 200 or 80 K (Figure 2, parts
ing. For a vibrational study of quinone reductioneitro, see A and C).
reference 26. Spectral features in the 1860700 cnm?! spectral region will

The spectra in Figure 2 show that spectral features in the be considered next (Figures 2, 4 and 5). Chlorophyll oxidation
1680-1620 cnT! region are $state dependent. In this region is known to perturb the carbonyl vibrations of chloropt#ll.
of the spectrum, contributions from the carbonyl stretching At 80 K (Figure 2C), the difference infrared spectrum should
vibration, “amide 1", of the peptide backbone will domindfe. ~ exhibit derivative-shaped features in the 18a®00 cni!
Intensities and frequencies in the amide | region of the spectrumspectral region. In Figure 2C, the most intense spectral feature

(26) Tripathi, G. N. R.; Schuler, R. H. Phys. Cheml987, 91, 5881 (28) Nabedryk, E.; Leonhard, M.; Mantele, W.; BretonBibchemistry
5885. 199Q 29, 3242-3247.
(27) Krimm, S.; Bandekar, J. IMAdvances in Protein Chemistry (29) Flett, M. S. C.Spectrochim. Actd962 18, 1537-1556.
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York, 1986; Vol. 38, pp 181364. and Hall: London, 1980; Vol. 1, pp 18202.
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Figure 4. Light-minus-dark difference FT-IR spectra of photosystem Figure 5. Light-minus-dark difference FT-IR spectra of photosystem
Il complexes obtained at 200 K. In A, B, and C, the dashed line shows Il complexes obtained at 200 K. In each case the solid line shows data
the difference spectrum obtained on plant photosystem Il complexes obtained on plant manganese-depleted photosystem Il complexes, while
in IH,0 buffer, pH 6.0 (repeated from Figure 2A). In A, the solid line the dashed line shows data obtained on plant manganese-containing
shows a spectrum obtained on plant photosystem Il complexXek@ photosystem Il complexes. In A, data shown in the dotted line were
buffer, pD 6.0. In B, the solid line shows the spectrum obtained on obtained after averaging four (dashed line) and two (solid line)
cyanobacterial photosystem |l complexes, pH 6.5. In C, the solid line individual difference spectra. These data are repeated from Figure 4C.
shows the spectrum was obtained on manganese-depleted, non-oxygerin B, C, and D, a single unaveraged difference spectrum is shown in
evolving plant photosystem 1l complexes, pH 6.0. No significant both the dashed and solid lines. In C, a triangular apodization function,
difference was observed in this spectral region when data were obtainednstead of a HappGanzel function, was employed. In D, two levels
on plant photosystem Il complexes at pH 6.0 and pH 6.5. The tick of zero filling, instead of one level, were employed.
marks on they axis represent AA of 0.55 x 1073. Spectral conditions
are given in the Materials and Methods section. The 1735/1729 cmi feature is sensitive t8H,0 exchange
(Figure 4A), as expected for the=€D vibration of hydrogen-
is a derivative-shaped feature at 1744 (negative)/1739 (positive)bonded glutamic and aspartic acid residées® The down-
cm~L. We assign this spectral feature to the=Q of the 10a- shifted derivative feature may be new negative and positive
ester group of chlorophyll, in analogy to earlier assignmétis. intensity at 1726/1722 cm. A 7—9 cnr ! deuterium-induced
Vibrational features from the {keto group should also be  downshift is reasonable for the=€O vibration of a carboxylic
observed; these may account for the low-intensity lines betweenacid3?-3® The spectral effects of deuterium exchange are
1730 and 1720 cri. complicated by the fact that spectral features at 1719'aiso
Comparison of Figure 2A with Figure 2C reveals a new decrease in intensity and downshiftaH,O (Figure 4A, solid
spectral feature associated with formation of the multiline S line).
state under continuous illumination. These spectra show that Figure 5 shows that the infrared data were taken with
the photooxidation of the manganese cluster to form the appropriate spectral conditions so as to distinguish the small
multiline state is associated with the appearance of increaseddifference between manganese-depleted and manganese-con-
intensity in a derivative-shaped spectral feature at 1735/1729taining samples in the 1735/1729 chregion. In Figure 5A,
cm1 (see also expanded region in Figure 4A). At our current difference spectra were averaged to give the final spectrum.
sensitivity, we can only say that this feature may be observed These data were repeated from Figure 4C. In Figure 5B, we
with lower intensity at 130 K (Figure 2B). Since illumination show that the spectral difference is observable before averaging.
at 130 K results in a lower yield of the,State? we cannot We also show that the spectral difference is still observed when

establish unequivocally if this spectral feature is also associated? triangular apodization function is used, instead of a Happ
with the production of the Sg = 4.1 state. Ganzel function (Figure 5C), and when the interferograms have

The spectral feature at 1735/1729 Gnis also observed upon two levels of zero filling, instead of (_)ne_(Figure 5_D). Both the
formation of the $multiline state in cyanobacterial photosystem level .Of zero f||||ng_and the apodization fL.mCt'On alter the
Il (Figure 4B). However, this spectral feature is not observed '€Sulting spectral line shapes, but the difference between
with equal intensity upon illumination of manganese-depleted manganese-containing and manganese-depleted spectra is still
plant preparations at 200 K (Figure 4C). Remaining intensity evident.
in this region in manganese-depleted preparations is probanyDiSCussion
due to a spectral contribution from chlorophyll oxidation. Thus,
the 1735/1729 cmt feature in Figures 2A and 4A,B does not ~ Analysis of our $-minus-§ difference spectrum has led to
arise solely from the oxidation of chlorophyll. Instead, this two observations: (1) @ = 4.1 state dependent vibrational
control experiment supports the association of this spectral ™35y 115 0rie, M.; Novak, AJ. Ch. Phys. Tome965 62, 137157

feature with the production of the, State. (33) Herman, R. C.; Hofstadter, R. Chem. Phys1939 7, 460-464.
(34) Maeda, A.; Sasaki, J.; Shichida, Y.; Yoshizawa, T.; Chang, M.; Ni,
(31) MacDonald, G. M.; Steenhuis, J. J.; Barry, B. A.Biol. Chem. B.; Needleman, R.; Lanyi, J. KBiochemistryl992 31, 4684-4690.

1995 270, 8420-8428. (35) Weltner, W., JrJ. Am. Chem. Sod.955 77, 3941-3950.
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“fingerprint” in the amide | region of the difference spectrum this second possible explanation, since the positive 1729 cm
and (2) a new derivative-shaped feature, associated with theline is accompanied by a negative feature at 1735'dmboth
generation of the multiline form of the,State, in the 1800 plant and cyanobacterial photosystem Il. The glutamic/aspartic
1700 cnt? region. acid residue giving rise to this derivative-shaped vibrational
Our first observation is that the amide | region of the spectrum feature must be solvent accessible, since both positive and
shows ag = 4.1 state dependent vibrational signature. Our nhegative lines decrease in intensity and downshift upon deute-
difference infrared data show that the amide | changes occurringfium exchange.
upon charge separation in manganese-containing preparations What is the microscopic reason that the formation of the S
at 80 and 200 K are similar to each other, in spite of the 120 K state perturbs the vibrational spectrum of this glutamic or
temperature difference. This result implies that temperature aspartic acid residue? We will consider four possibilities: a
alterations alone do not cause significant secondary structuralchange in K, a change in hydrogen bonding, a change in
changes in photosystem Il. At 130 K, the effect of charge dielectric constant, or a unidentate ligation to the metal cluster.
separation on the vibrational spectrum of the peptide backbone \ye consider the first possible explanation, which is that
is distinct from what is observed at 80 and 200 K. Thus, our formation of $ perturbs the basicity of the glutamic or aspartic
data are consistent with the hypothésitat the generation of  4cid residue. Ignoring other effects, generation of an additional
the S g = 4.1 state is associated with a global protein positive charge in the environment of a carboxylic acid residue
conformation that is different from the structure of the protein \ou|d be expected to decrease th& pf such a residue. The
that gives rise to theSnultiline state. \We emphasize thatwe positive charge should stabilize the anionic form. A linear
are generating g = 4.1 signal which is produced with and  ¢orrelation ofvC=0 with pK, has been observed for many

without near-infrared illuminatioft of the sample. different types of carboxylic acid®. In particular, the results
We next consider the new derivative-shaped feature, associ-of model studies on substituted benzoic acids are often used to
ated with the generation of the multiling &ate. In the 1800 calculate the magnitude of the expected, shifts from an

1700 cn! spectral region, carbonyl stretching vibrations of observed change in=€0 stretching frequencs?. If we use this
protonated carboxylic acid residues are typically obsef¥€8.  correlation, we predict alfy, of 4.8 for a carboxylic acid with
Thus, it is reasonable to consider such an assignment for thea yC=0 of 1729 cntl. Similarly, this correlation predicts a
1735/1729 cm! spectral feature. Both positive and negative pK, of 4.3 for a carboxylic acid residue with1&C=0 of 1735
lines exhibit a°H,0 exchange induced shift that supports this cm1. The absolute values of thesks are clearly incorrect,
spectral assignmeft 3> There is considerable disagreement since this residue is protonated at pH 6.0 in both thar®l S

in the literature concerning the origin of such exchange-induced states. This error in absolute value is probably due to the
shifts of vC=0O in carboxylic acids. These shifts have some- importance of using long chain carboxylic acids as models for
times been attributed to coupling between the OH aredDC  aspartic and glutamic acid residues in proteins, as recently
vibrational mode$? However, deuterium exchange in non- discussed® If we assume that the slope of the line is correct,
hydrogen-bonded carboxylic acid monomers in the vapor phaseeven if the absolute values are not, we can calculate the change
had no effect onC=0.35 Our reading of this literature causes in pK, This calculation predicts that this residue undergoes a

us to favor the assignment of the 1735/1729 &rapectral  pK, increaseof approximately 0.5 unit upon formation of the

feature to one or more hydrogen-bonded carboxylic acid s, multiline state from the Sstate. Such an increase i

residues. cannot be simply explained by generation of additional positive
There is decreased intensity in the 1735/1729 tapectral charge on the metal cluster in the State. Therefore, we

feature upon illumination of manganese-containing preparations conclude that this vibrational feature is not simply due to an
at 80 K and upon illumination of manganese-depleted prepara-oxidation-induced change in basicity of this amino acid residue.

tions at 200 K. These results support the assignment of a \ye next consider the second and third possible explanations.
component of this line to the;8ninus-§ state. The remaining  Thjs carboxylic acid residue may be involved in a hydrogen-
component is probably due to chlorophyll oxidation. Moreover, ponding network which undergoes a shift in equilibrium position
a spectral feature with similar frequencies is observed upon upon formation of the §multiline state. Introduction of
illumination of cyanobacterial photosystem Il preparations at hydrogen bonding through the use of solvent mixtures causes a
200 K. We conclude that the glutamic or aspartic acid residue gownshift of =0 frequency in carboxylic acid§. For
giving rise to these vibrational lines is conserved in plants and example,yC=0 of the propionic acid monomer undergoes a
in cyanobacteria. downshift from 1740 to 1723 cm on transfer from dioxane to

A glutamic or aspartic acid residue may contribute to the trifluoroethanoB® Alternatively, the manganese site may be
difference infrared spectrum for two reasons: (1) charge relatively anhydrous in the;State and may admit water in the
separation causes a change in the intensity of t¥©dine or S, multiline state. Increases in dielectric constant are known
(2) charge separation causes a perturbation of tReOC  to decrease €0 frequencie$® Hydrogen bonds to water could
frequency. As an example of the first scenario, protonation of also be formed; this would also downshif€=0. It should
a carboxylate anion upon charge separation would give a be noted that ENDOR studies have disagreed in their assessment
positive spectral feature in the region from 1800 to 1700tm  of the access of water to the manganese cluster in the S
and two negative lines, corresponding to the asymmetric and state37.38

symmetric stretching vibrations of the carboxylate, in the A tqyrth possible explanation for the observation of the 1735/
spectral region from 1620 to 1390 ci¥® As an example of 1759 ¢yt spectral feature is that this feature arises from a
the second scenario, any |nteractlon that decreases thg dOUbleﬁydrogen-bonded unidentate ligand to a manganese atom of the
bond character of the=€0 bond or increases the basicity of

the carbonyl oxygen serves to decrease theDdrequency?’ (36) Diomaev, A. K.; Braiman, MJ. Am. Chem. So4995 117,10572-

Such a perturbation would give rise to a derivative-shape in 10574. o _

the difference spectrum; this derivative-shape would have 11?%;;[‘%32(554 Sivaraja, M.; Dismukes, G. £Am. Chem. 504993
positive and negative components that are assignable to the same™(3g) kawamori, A.; Inui, T.; Ono, T.; Inoue, YEEBS Lett1989 254

amino acid residue. Our interpretation of our spectra favors 219-224.
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metal cluster. Such unidentate carboxylato metal ligands showtemperatures from 80 to 240 ®#* The origin of spectral
relatively high frequency €0 vibrations, and oxidation of the  differences between our data and the data of Noguchi is under

metal would perturb the-€0 frequency?® However, avxC=0 investigation.
of 1740-1720 cn1lis at the high end of observed frequencies  Our results indicate that difference infrared spectroscopy is
for transition metal complexes in organic solve#tsAlso, the a new method with which to study the mechanism of water

observed downshift upon formation of 8om S; would need oxidation. In particular, infrared spectroscopy provides a
to be attributed to aecreasdén O—M bond strengtt® Such technique with which amino acid residues in the vicinity of or
an interpretation seems to be in contradiction to expectationsligating to the manganese cluster can be identified. Our data
for oxidation of manganese from Mn(lll) to Mn(I\#}.42 support the conclusion that formation of the multiline form of

After consideration of all these microscopic explanations, we the $ state perturbs the vibrational spectrum of a glutamic or
favor the hypothesis that the 1735/1729émspectral feature aspartic acid residue. The D1 and D2 polypeptides are thought
arises because of a change in hydrogen bonding or the dielectrido provide at least some of the amino acids that are in the vicinity
constant upon formation of the multiline State. This residue  of or ligating to the manganese cluster. Examination of regions
may be in the vicinity of the manganese cluster, since it is predicted to lie close to the water-oxidizing site shows many
affected by the formation of the,State and since it undergoes carboxylic acid residue$-4’ Furthermore, site-directed mu-
facile deuterium exchange. However, more definitive evidence tagenesis studies have shown carboxylic acid residues to be
concerning the identity of this species must be obtained from important in the assembly or stability of the manganese
site-directed mutagenesis experiments. cluster®®=50 Future experiments will aim to assign vibrational

The effect of a change in dielectric constant or hydrogen features to individual amino acid residues in the photosystem
bonding on the acidity of groups in the environment of the Il reaction center through the use of site-directed mutagenesis.
manganese cluster is of interest. An increase in the dielectric
constant would be expected to decrease g gince it should
stabilize the charged species. The effect of a change in hydro-
gen bonding on thelky, is harder to predict, since the effect
depends on the manner in which the residue is hydrogen bonde
and on the relative strengths of the hydrogen bonds in the
protonated and unprotonated states. JA961691V

Our difference infrared results differ from those obtained (43) Noguchi, T.; Ono, T.-a.; Inoue, Biochim. Biophys. Actd993

i i 1143 333-336.
previously in a study of plant photosystem Il membranes at (24 Noguchi, T.: Ono, T.-a.: Inoue, \Biochim. Biophys. ACtd995

(39) Nakamoto, K.Infrared and Raman Spectra of Inorganic and 1228 189-200.
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