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Abstract: Previously, using acetate deuterated in the methyl hydrogen positions, we showed that acetate
binds in close proximity to the Mn cluster/Y tyrosine dual spin complex in acetate-inhibited photosystem
Il (PSIl) preparations exhibiting the “split” EPR signal arising from the S,—Y? interaction [Force, D. A.;
Randall, D. W.; Britt, R. D. Biochemistry 1997, 36, 12062—12070]. By using paramagnetic NO to quench
the paramagnetism of Y3, we are able to observe the ESEEM spectrum of deuterated acetate interacting
with only the Mn cluster. A good fit of the ESEEM data indicates two 2H dipolar hyperfine couplings of
0.097 MHz and one of 0.190 MHz. Modeling of these dipolar interactions, using our “dangler” 3 + 1 model
for the S,-state of the Mn cluster, reveals distances consistent with direct ligation of acetate to the Mn
cluster. As acetate inhibition is competitive with the essential cofactor CI-, this suggests that CI~ ligates
directly to the Mn cluster. The effect of acetate binding on the structure of the Mn cluster is investigated by
comparing the Mn-histidine coupling in NO/acetate-treated PSIlI and untreated PSII using ESEEM. We
find that the addition of acetate and NO does not affect the histidine ligation to the Mn cluster. We also
investigate the ability of acetate to access Y7 in Mn-depleted PSII, a PSII preparation expected to be more
solvent accessible than intact PSIl. We detect no coupling between Y3 and acetate. We have previously
shown that small alcohols such as methanol can ligate to the Mn cluster with ease, while larger alcohols
such as 2-propanol, as well as DMSO, are excluded [Force, D. A.; Randall, D. W.; Lorigan, G. A.; Clemens,
K. L.; Britt, R. D. J. Am. Chem. Soc. 1998, 120, 13321—13333]. We probe the effect of acetate binding on
the ability of methanol and DMSO to bind to the Mn cluster. We find that methanol is able to bind to the Mn
cluster in the presence of acetate. We detect no DMSO binding in the presence of acetate. Thus, acetate
binding does not increase the affinity or accessibility for DMSO binding at the Mn cluster. We also explore
the possibility that the acetate binding site is also a binding site for substrate water. By comparing the
ratioed three-pulse ESEEM spectra of a control, untreated PSIl sample in 50% D,O to an NO/acetate-
treated PSIl sample in 50% D,0, we find that the binding of acetate to the oxygen evolving complex of
photosystem Il displaces deuterons bound very closely to the Mn cluster.

The oxidation of water to dioxygen is a light-driven process occurs via a cycle of five “S-states”y.S,* where the manganese
that occurs in the oxygen evolving complex (OEC) of photo- cluster is most reduced in the lowest S-state PRotooxidation
system Il (PSII)t=2 The redox-active cofactors are associated of the Chl speciesdgo drives the S-state advancement through
primarily with two major PSII membrane-spanning proteins, D1 sequential oxidation of ¥ and the Mn cluster (or of adjacent
and D2. A 33 kDa lumenally associated extrinsic protein, often redox-active components of the OEC). Oxygen is released within
termed the manganese stabilizing protein (MSP), is present ina millisecond of the formation of the final state;. S
PSiII reaction centers of higher plants and cyanobacteria, whereas ps|| membranes depleted of chloride do not evolve oxygén.
two additional lumenally associated proteins of 23 and 17 kDa |n addition, they do not exhibit the characteristic= 2 S-
apparent molecular weight are found only in higher plant PSII state Mn multiline EPR signal upon illumination at 2008K.
centers. A tetranuclear manganese cluster is a core componenKANES studies have Suggested that the manganese cluster is
of the OEC, along with a special redox-active tyrosing, ahd advanced to the Sstate in the absence of Clout there is some
essential inorganic cofactors, €aand CI. Water oxidation  gajteration in the magnetic environment of the cluster such that
the S multiline is not observel.However, the $multiline
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EPR signal can be regenerated in chloride-depleted PSIIformation of dioxygen. A more recent H-atom abstraction model

preparations by the addition of Clfollowing flash-induced
advancement to the,State?

While CI~ is necessary for oxygen evolution, it can be
replaced rather efficiently with Br resulting in high levels of

incorporates functions for both calcium and chlofdén this
model, both water molecules are bound to the cluster at the
Se-state, and Cl is found ligated to C& .22 Water oxidation
occurs as in the earlier model, except that @Gligrates to a

activity 10 Oxygen evolution can be reactivated to a lesser extent binding site directly on the terminal MrO species by the:S

by other ions such as NO, |-, and OH 1011 However,
exchanging chloride for F amines, or acetate clearly inhibits
oxygen evolutiod?1213Sandusky and Yocum studied amine
inhibition effects, including the relation to chloride binditfg.
All amines examined were found to bind at a site competitive
with chloride!?* Ammonia alone was also found to bind at a
separate, chloride-independent $#é? This second ammonia

state??2 This model implicates Clas essential for both the, S

— S and the $— S transitions, which is consistent with the
results reported by Wincencjusz ef&l?Other researchers have
also suggested models which include" GBoth Brudvig® and
Pecoraré* present models in which calcium, chloride, and the
Mn cluster are connected through a network of hydrogen bonds.
In these models, only one Mn atom is involved in the redox

binding site was investigated with EPR spectroscopy, which chemistry3®24 consistent with the theoretical calculation of
demonstrated an alteration in the multiline EPR signal line shape Siegbahn and Crabtréeln S,, both Pecoraro and Brudvig show

upon ammonia bindingf, later, ammonia was definitively shown
to bind as a ligand to the Mn cluster using ESEEM (electron
spin—echo envelope modulatiof.

Sandusky and Yocum also demonstrated that the binding .2

affinity for the chloride-competitive site increases with the
basicity of the amine¥:14Other experiments have demonstrated
that the binding affinity of chloride changes with the oxidation
state of the Mn cluster, at least in the lowest S-stét@&oth of

one HO bound to the redox-active Mn atom, while a hydroxide
is positioned as a ligand to the nearby calcit#?f S-state
advancements occur until a terminal Mn&) is formed at
24 Oxygen is then formed by nucleophilic attack on the
Mn oxo ligand by the hydroxide ligand on calcid#?*Pecoraro
shows CI as a terminal Mn ligané? in the Brudvig model,
Cl~ serves as a bridge between Mn and calcium, controlling
the nucleophilicity of calcium as Mn oxidation increasé@ther

these observations provide support to the possibility of direct Schémes have been proposed in which chloride does not play

chloride ligation to the manganese clust&et*17In turn, direct
ligation of CI~ to the Mn cluster in one or more S-states provides
a basis for a mechanistic role for Cin the water oxidation

an active role in oxygen formation. For example, Klein and co-
workerg® have suggested a model which utilizes the formation
of an oxyl radical on one of thg-oxo bridges at $ Oxygen

process, in addition to any possible structural role. Indeed, recentVuld then form as an ©0 bond between two oxo groups on

experiments by Wincencjusz et’d*°have shown that chloride
is required for the 5>S; and the $—S, transitions. Addition-
ally, the kinetics of the §— S transition were shown to be
dependent on the type of anion occupying the kihding site,
although no correlation was found between tig, fhardness/
softness of the anions, etc. used in the st%dkhis dependence
implies that the anion occupying the Qlite plays a role in the
mechanism of water oxidation. A relevant example is the initial
detailed hydrogen atom abstraction model for water splitting
proposed by Babcock and co-workétsin this model, Y,
oxidizes an initial bound water via H-atom abstraction to the
level of a terminal Mr=O species, while a Clligand bound at

the second substrate binding site in the early S-states preclude§

additional water oxidation which could lead to peroxide
formation. The Ct is then displaced by water in the second
site, allowing full oxidation of the second water and the ultimate
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one of the dimers or by reaction of the oxyl radical with a OH
or H,0 either on Mn or nearb3f The latter possibility has also
been suggested by Crabtree and SiegBaliher investigators
have suggested that Claffects electron transfer within the
clusteri2141819fgr example, Boussac and Rutherford have
suggested that Clis involved in the regulation of redox
potential for the clustet’

Despite the appeal of postulating direct Gigation to the
Mn cluster, it has not been demonstrated directly with any
structural methods. For example, EXAFS studies have yet to
conclusively demonstrate chloride ligation to the manganese
cluster228-30 penner-Hahn et al. note that to detect the
oordination of a single chloride to the tetranuclear cluster,
significant improvement in EXAFS signal-to-noise is neces-
sary?® However, we note that Mn EXAFS data recorded on
cyanobacteria in which Cl was replaced with Br were
interpreted to favor a Br backscattering contribution correspond-
ing to an Mn-Br distance of~2.5 A3L It is also possible that
the binding site for Ct is not on the cluster itself, but on a
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nearby amino aci® 3> Specifically, because the chloride between the two states may be caused by the removal of the
requirement is correlated with pH, Homann proposed that the extrinsic proteins or by the higher pH used in the removal of
ClI- site is located on a positively charged amino acid such as the extrinsic protein&® Lindberg et al. also found that the
lysine or arginine, though it cannot be ruled out that this exchange of this Clis not fully correlated with the loss of
behavior could also arise from a metal binding $fte. either oxygen evolution activity or the formation of the Sate

Cl—-exchange studies using iodide have also been used tomultiline EPR signaf? This could indicate that, in fact, Clis
study the CI binding site. Ikeuchi et al. found thatzYwas not intimately involved in the process of water oxidation or,
subject to iodination when Clwas replaced by1.3¢ Upon alternatively, that it is not this particular chloride which is
addition of CI, iodination was prevented.This would support affecting oxygen evolutiof? Another possibility is that the
Cl~ proximity to the cluster. In contrast, over the course of overall chloride depletion process, not the lack of chloride per
similar experiments, Rashid and Homann found iodide did not se, introduces structural changes in the manganese cluster such
support specific iodination when very low concentrations of that oxygen evolution is no longer possible without the
iodide were used’ Instead, iodination only seemed to occur readdition of Ct.44
when I~ was present in exce8$This is supported by recent As mentioned previously, acetate-treated PSII preparations
investigations by Wincencjusz et al., using BVis to study do not evolve oxygen, although this inhibition can be alleviated
the effects of chloride-exchange on electron tranSférhey by the addition of Ct.12 Acetate-inhibited PSII preparations
found that the higher oxidation states of the OEC became subjectare blocked to advancement beyond the-%, state In
to reduction by the replacement anion; reduction was shown to chloride-depleted samples, this inhibition can be observed at
occur with I as well as N@ and appeared to occur |ow concentrations of acetate, similar to the €bncentrations
independent of the presence of €? This supports the findings  commonly used in PSII preparatioHs!¢ Even in cases where
of Homann and Rashid in which bound only at the Cl site both acetate and chloride are present at similar concentrations,
and, when not present in excess, remains resistant to oxidation. the inhibition is still observed“¢ and can be enhanced by
One might expect to be vulnerable to oxidation if the binding  increasing the concentration of acetate. Complete inhibition of
site were located on the metal. Rashid and Homann proposedoxygen evolution is achieved with high concentrations of acetate
that the Cf site must be sequestered within a hydrophobic (200-600 mM)#7 For example, in the presence of 15 mMCl
pocket if the binding site involves direct Mn cluster ligatin. 660 mM acetate is needed for full inhibition; however, only
Nevertheless, receftl ESEEM experiments probing the results 200 mM acetate is required when 1 mM—TCis present’
of 2H,0 exchanged into the vicinity of the tyrosine radicgl,Y  Typically, 400-500 mM acetate is used to prepare acetate-
the Mn cluster, or the spin coupled Mn clustey/dyadé+! inhibited PSII preparation4548 This high concentration of
show rapid contact with numerous water-derived deuterons. acetate is required because the binding affinity for acetate in
Thus, the environment of the OEC, including the surroundings the CI site is much lower than it is for the native CI° Acetate-
of any CI ligand to the cluster, does not appear to be treated PSIl quickly frozen following illumination at room
hydrophobic. However, it is possible that the Glite is as temperature presents a characteristic “split” EPR signal centered
depicted in the more recent Babcock mo#ein which case atg = 24548 H ESEEM of deuterated-tyrosine PSII particfés,
Cl~ is not actually bound directly to Mn until the-State. This 55Mn ENDOR3® and EPR spectral simulatio¥s®2 have
could explain the resistance of to oxidation, at least in the ~ demonstrated conclusively that this “split” EPR signal arises
earliest S-states. However, this possibility seems unlikely given from both the $-state of the Mn cluster and the trapped Y
the results of Wincencjusz et al. which determined that the radical interacting through a combination of exchange and
binding affinity for chloride is much larger in;Shan in $.27 dipolar couplings. Similar “split” interaction EPR spectra with
The lack of I oxidation at the Ci site could simply be due to  somewhat varied line shapes are obtained by other PSII
a low redox potential of the coordinating Mn atom at that inhibition protocols, for example, depletion of the other essential
particular S-state. inorganic cofactor, Ca.7:5354

On the analytical forefront, Lindberg et al. utilized radioactive We have previously used ESEEM of PSII membranes treated
%Cl to determine that there is one slowly exchangeable chloride with methyl-deuterated acetate and illuminated to trap the “split”

per PSII reaction centé?. They suggest the Clbinding site EPR signal to show that acetate binds in close proximity to the
exists in two states, a native state with a strong binding constantpin—Y:, dyad of PSI Because the special “split” signal line

and a state characterized by a weak binding conétdrte shift
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shape originates from the electron spin coupling dfarid the were performed under dim green light or darkness in a coldroom.
S,-state of the Mn cluster, it is not trivial to determine if the Isolated PSIl membranes were resuspended in a buffer containing 400
observed modulation from nonexchangeable deuterons of theMM sucrose, 20 MM MESNaOH (pH 5.5, 6.0), 15 mM NaCl, 5 mM

acetate methyl group results from a superhyperfine interaction MdClz: and 5 mM CaGl with subsequent storage in liquid nitrogen.
with Y3, with the Mn cluster, or with both spin centers. All samples used for EPR spectroscopy were prepared at pH 5.5 or

. 6.0. Acetate-treated PSII membranes were prepared by washing PSII
56
However, Szalai and Brudvig®® have demonstrated that membranes twice in a buffer containing 400 mM sucrose and 40 mM

treatment of acetate-inhibited membranes with the paramagneticyyes—NaoH (pH 5.5, 6.0) (SM buffer). They were then washed once
NO molecule can quench the paramagnetism of theadical. with a degassed buffer containing 400 mM sucrose, 40 mM MES

In this case, the “split” interaction spectrum is converted into NaOH (pH 5.5, 6.0), and 400 mM sodium acetate (SMAc buffer),
the multiline EPR signal arising from the-State of the Mn following the methods of Force et #l.and Szalai and Brudvigf. For
cluster alone. In this manuscript, we utilize this simplifying all deuterated acetate-treated samples, the SMAc buffer was prepared
aspect of NO treatment, along with ESEEM targeting methyl- With methyl-deuterated sodium acetate. Both the isotopically labeled
deuterated acetate, to test whether acetate binds in closednd the natural-abundance SMAc buffers were adjusted to the correct
proximity (<6 A) of the Mn cluster in the Sstate. pH using the corresponding isotopically labeled glacial acetic agld- D

. . exchanged, acetate-treated PSIl membranes were washed twice in SM
ESEEM permits the measurement of coupling between the . )
ired elect fh lust d b t.buffer and then resuspended in a final wash buffer (SMAc pH 6.0)
unpaired electrons or the manganese cluster and nearby magne Ifirepared with 50% ED. Samples treated with both acetaad

nuclei. One typically applies either two or three microwave geyterated methanol or deuterated DMSO were prepared similarly to
pulses to produce electron spiachoes. The microwave pulses  acetate-only samples, except that the final wash buffer (SMAc pH 6.0)
induce both fully allowed AMs = +1; AM, = 0) and semi- contained 1.0 M deuterated methanol or 1.0 M deuterated DMSO. Mn-
allowed AMs = £1; AM, = 0) spin transitions; consequently, depletion was based on the method of Tamura and Chéhide-

the final wave function describing the system is a coherent depleted/acetate-treated samples were prepared from PSIl membranes
superposition of states resulting from both the fully allowed by incubating in a buffer containing 400 mM sucrose, 40 mM MES

and the semi-allowed spin transitioH$® The interference in ~ NaOH (pH 6.5), 15 mM NaCl, 1 mM EDTA, and 5 mM NBH for

the time evolution of the components of the wave function 4° min in the dark. Samples were then washed twice in buffer
creates a modulation of the spircho® This modulation is containing 400 mM sucrose, 50 mM MESIaOH (pH 6.0), and 1

. . mM EDTA (SME buffer) and, finally, in deuterated acetate SMAc
directly dependent on the number, type, and distance of the buffer (pH 6.0). PSII samples were loaded into 3.8 mm o.d. precision

_nuclel_from the electron spin. For example, we have prewous_ly quartz EPR tubes at a final chlorophyll concentration of-12 mg of
investigated whether small alcohols could access the OEC usingchymL (NO/acetate samples) or £38 mg of Chi/mL (untreated and
PSIl samples treated with a series?bi-labeled alcohol8? In acetate samples). PPBQ was added to a final concentration of 2 mM
these samples, the only paramagnetic species probed in the “ligh{from a 100 mM stock solution in DMSO). Samples were stored in
minus dark” ESEEM time-domain difference spectrum is the liquid nitrogen until use.

S,-state of the manganese cluster. As a result, one can use Nitric oxide was added to the acetate-treated samples following the
ESEEM to determine if the nonexchangeable deuterons of themethod of Szalai and Brudvig.Samples in EPR tubes were degassed
alcohol are sufficiently close to the Mn cluster to give rise to ©On @ Schienk line using two freezpump-thaw cycles; during the
modulation and, if so, to model Mr?H distances. As an thaw cycle, the tube was kept inan ice/water slurry. The viscous sample
intermediate step in the distance determination, we ratio the WOUl.d expar;)d e;]ndf_co?t the |nrr]1er waI_I gf lt:h?I EF.)R u;]be. for dsev_eral
“light minus dark” time-domain ESEEM spectra obtained with centimeters by the final pump-thaw period. Following the introduction

. . of 23—25 Torr of NO, the pressure was brought to 760 Torr with
deuterium-labeled alcohol-treated samples by the equ'valentnitrogen. The final NO concentration was approximately-66-fold

spectra from natural-abundance alcohol-treated preparationSgreater than the PSII concentration. The sample was quickly sealed,
This ratioing procedure suppresses ESEEM contributions from then spun down in an enclosed desktop centrifuge (2000 rpm) for 10
nuclei other than the acetate deuterfhdn addition, the s, and frozen in liquid nitrogen. Alternatively, NO was added using a
modulation from proximal protons is experimentally suppressed chemical donor (diethylamine NONOate; Cayman Chemical Co.). The
by selecting ar-value for the three-pulse experiment that is a donor was dissolved in a stock solution of degassed 0.01 M NaOH,;
multiple of the!H Larmor periocf® Consequently, the data can  ©nce prepared, the solution can be stored on ice for up to 24 h. The
be simulated as arising purely from the interaction between the "/éak NaOH solution used to suspend the NO donor had no apparent
net electron spin of the ;State manganese cluster and the adverse effect on the sample; the addition of an aliquot of NaOH

nonexchangeable deuterons of the alcohol. We employ Similar[equivalent to the donor suspension solution] to untreated PSII or
technigues in this paper ’ acetate-treated PSIlI samples had no discernible effect on the EPR

signals. Likewise, the base side product remaining after the release of
Materials and Methods NO from the donor demonstrated no adverse effects on the samples.
Prior to donor addition, the sample-containing EPR tube was flushed
with nitrogen; the NO donor concentration was approximately 700-

on the ??fis_ of the procedure developed by Berthold, Babcock, andyq|y greater than the PSII concentration. The sample was mixed, sealed,
Yocunf*“2with specific details provided by Campbell et&hll steps spun down, and frozen as stated above. We note that the NO donor

(55) Szalai, V. A.; Brudvig, G. WBiochemistry1996 35, 15080-15087. procedure required a much larger apparent NO dose to quehch Y
(56) Szalai, V. A.; Kine, K. V.; Laksmi, K. V.; Brudvig, G. WBiochemistry when compared to the pure gas procedure. This could in part be because

(57) lK%?/aanleIg%?nth?s?o?ed Electron Spin Resonandéevan, L., Schwartz 0f NO escape during the mixing period, when for a time the sample is

R. N., Eds.; Wiley and Sons: New York, 1979; pp 28%1.

Sample Preparation.PSII membranes were prepared from spinach

(58) Mims, W. B.; Peisach, J. IBiological Magnetic Resonanc8erliner, L. (61) Berthold, D. A.; Babcock, G. T.; Yocum, C. FEBS Lett.1981 134,

J., Ruben, J., Eds.; Plenum Press: New York, 1981; pp-263. 231-234.
(59) Force, D. A.; Randall, D. W.; Lorigan, G. A.; Clemens, K. L.; Britt, R. D. (62) Ford, R. C.; Evans, M. C. WEEBS Lett.1983 160, 159-164.

J. Am. Chem. S0d.998 120, 13321-13333. (63) Campbell, K. A.; Gregor, W.; Pham, D. P.; Peloquin, J. M.; Debus, R. J.;
(60) Mims, W. B.; Davis, J. L.; Peisach, J. Magn. Reson199Q 86, 273~ Britt, R. D. Biochemistry1998 37, 5039-5045.

292. (64) Tamura, N.; Cheniae, @iochim. Biophys. Actd987, 890, 179-194.
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open to the atmosphere, in contrast to the gas procedure mixing step
which is performed when the EPR tube is still attached to the Schlenk

line. Acetate- and NO/acetate-treated samples were illuminated for 5 s S;-Y7
at room temperature or 1 min on ice. It is noted that both illumination Ace‘a{fs"ﬁeated
procedures produced ample “split” EPR signals apch8ltiline EPR
signals in the acetate- and NO/acetate-treated samples, respectively. ,(”) Y,
However, the 1 min ice-temperature illumination procedure was favored
to ensure diffusion of NO into the NO-treated samples. Untreated (pH
5.5, 6.0), methanol-only (pH 6.0), and DMSO-only (pH 6.0)-treated
PSII_ samples were illuminated for 5 min at 200 K. To produgea¥d o NO/IAi2éZf:t?eated
Yp in the Mn-depleted/acetate-treated samples, the samples were =2 PSII
positioned over a dry ice/methanol slurry (200 K), illuminated for 20 & (b)
s, and then immersed in 200 K before removing the light source. The e AAAAN
Mn-depleted/acetate-treated samples were subsequently warmed for 10
s on ice to eliminate ¥ to observe only the ¥ radical species. S
EPR SpectroscopyCW-EPR spectra were collected at a temperature Umre;ted
of 7 K using a Bruker ECS106 X-band CW-EPR spectrometer with an PSII
Oxford ESR900 liquid Helium cryostat and an ITC503 temperature (c);
controller. ESE field sweeps and ESEEM spectra were collected at a AAN/
temperature of 4.2 K using a laboratory-built pulsed EPR spectroffteter. YW Mr
Two-pulse ESEEM experiments were performed by incrementing the —
time t in the spin-echo sequencex/2 — v — 7 — v — echo. Three- 2400 2800 3200 3600 4000

pulse ESEEM experiments were performed by incrementing the time
T in the stimulated echo sequencef2 —t —a/2 — T —7/2 — 7 —
stimulated echo. Time-domain ESEEM spectra were collected for both
dark and illuminated samples; the “dark” spectra were subtracted from
the “light” spectra to produce the “light minus dark” time-domain
modulation patterns. A ratioing procedure was employed to simplify
the three-pulse time-domain for samples treated with a deuterium-
labeled molecule, such as deuterated acetate. The “light minus dark”
modulation patterns, which were obtained for the deuterium-labeled
and natural-abundance-treated PSIl, were each normalized and then
ratioed ¢H/*H) to eliminate contributions to the ESEEM modulation
from nuclei other than deuterof5A cosine Fourier backfill was used ) o
to reconstruct the dead time data needed to generate the cosine Fourigf’gure 1. Derivative-mode CW-EPR spectra of (a) acetate-treated
transform®® ESEEM patterns were simulated using a FORTRAN ($-Y3), (b) NO/acetate-treated {SYNO), and (c) untreated (5PSII

. ; ) membranes pH 5.5 (“light minus dark” signals). Inset: expansion showing
program based on the density matrix formalism developed by Mifis? peak alignments. Spectra are offset for clarity. An NO donor (diethylamine

Magnetic Field (G)

dx"/dB

— r
2800 3000 3200
Magnetic Field (G)

Results NONOate) was used to release NO into the sample (see Materials and
) ) ] Methods for details). The dark spectra of all three samples were normalized
CW and Field-Swept ESE-EPR SpectraPrevious experi- to each other to account for any variation in concentration. The light spectra

ments by Szalai and Brudvig have demonstrated the reversiblewere then a_djusted by the same factor yseq in th_e dark normalization, and
binding of NO to both YJ and Yﬁ in manganese-depleted PSII :\Tce)/subtractlons were perforrr_led. The high field side of the spectrum (_)f the
acetate-treated sample is not shown due to the large NO signal.
samples, as well as the paramagnetic-quenching,dfyyNO Experimental parameters: microwave frequerc$.68 GHz; microwave
added to acetate-treated PSII, resulting in a “multiline” signal power=5 mW; modulation amplitude= 9.74 G; modulation frequency
comparable to the controbState signal® By similar methods, ~ 20 KHz: temperature= 7 K.
we confirm the presence of NO bound td, Yn our NO/ An expansion of Figure 1 (inset) more clearly displays the
acetate-treated preparations. Figure 1 displays the “light minuspeak alignments. We observe that the resolved Mn hyperfine
dark” CW-EPR signals obtained for a series of three pH 5.5 features on the low field side of the “split” signal in our acetate-
PSII membrane samples. Figure 1a shows the “split” CW-EPR treated PSII preparations (Figure 1, inset) are shifted from the
signal obtained from an acetate-treated PSII preparation withoutMn hyperfine peak positions of the control multiline signal.
added NO. Addition of nitric oxide via the NO donor to an These shifts are significant (20 G) and reproducible, though
acetate-treated sample followed by ice-temperature illumination smaller in magnitude than those reported by Szalai and
yields a multiline signal (1b), comparable to that displayed by Brudvig5® Moreover, the peaks of the multiline signal resulting
the S-state of the Mn cluster in an untreated PSII sample (1c). from NO treatment of the acetate-inhibited samples (Figure 1b)

The large “split” peaks resulting from the,-SY7 interaction line up well with the control multiline signal peaks, consistent
are completely quenched. We note that the EPR spectra of thewith the interpretation that the shifts result from thg-Yvin
NO/acetate-treated samples typically exhibit a layge 2 NO cluster magnetic interactiof&5256which are quenched by the

signal due to the presence of excess NO. Thus, the mulitline NO treatment. We are confident that we are performing both
signal on the high field side of the NO/acetate PSII spectrum is BBY preparation and acetate-inhibition procedures comparably

obscured and is not displayed in Figure 1b. to the Szalai and Brudvig experiments. Our BBY preparations
(65) Sturgeon, B. E.; Britt, R. DRev. Sci. Instrum1992 63, 2187-2192. exhibit O, evolution on par with that reported by Szalai and
(66) Mims, W. B.J. Magn. Reson1984 59, 291—306. Brudvig 5® In addition, we obtain amplitude ratios of the flanking
(67) Mims, W. B. InElectron Paramagnetic Resonandgeschwind, S., Ed.; i B Uit ;

Plenum Press: New York. 1972: pp 26351, multiline EPR features to the major “split” features in our
(68) Mims, W. B.Phys. Re. B 1972 5, 2409-2419. acetate-treated samples that are comparable to those previously
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reportec?® As further verification that the acetate-treated samples
are fully inhibited, we have found that 200 K illumination of
acetate-treated PSIl samples produces nan@ltiline signal,
whereas any uninhibited fraction would exhibit this multiline
EPR signal under these illumination conditions. Therefore, our Sy Y7
acetate-treated spectra do not appear to be contaminated by any e
significant contribution from untreated multiline signal.

We also note that over the course of these experiments, we
have observed multiline signal amplitudes for the NO/acetate-
treated samples as low as 40% of untreated PSII. The reduction
in the signal amplitude is likely because of the interaction of
NO with the dark $state of the manganese cluster, denoted
S;—NO.5% Goussias et al. found that ice-temperature incubation
with NO on a time scale of minutes eliminated PSIl advance-
ment to $.5° Some of our early experiments using the NO donor
involved prolonged incubation of the samples on ice (10 min)
to favor complete diffusion of NO into the sample; it is likely
that some centers formed the-SNO state and were unable to
advance further. This would lead to the observation of an 2600 2800 3000 3200
undersized multiline signal in the NO/acetate-treated samples.
Later experiments demonstrated that the incubation was un- _ )
necessary, and therefore we now minimize this effect by Flgure. 2. Absorption-mode ESE-EPR spectra of (a) acetate-treated

; . (S2—Y3), (b) NO/acetate-treated {£SYzNO), and (c) untreated ¢BPSII
exposing the sample to ambient temperatures for as short of amembranes pH 5.5 (“light minus dark” signals). NO was added as in Figure
time as possible during the process of NO addition. The fixed 1. The spectra were normalized as in Figure 1 to account for concentration

time required to add the NO to the sample using either method differences among the samples. Experimental parameters: microwave
L - - . frequency= 9.184 GHz (untreated and NO/acetate-treated samples), 9.200

ha&_" limited us to obtaining ZSnUIt'llne amp_“_tUdeS tha’? are GHz (acetate-treated sample); microwave poweB2 W; repetition rate

typically 60—75% of the amplitudes of multiline EPR signals = 500 Hz;z = 210 ns;z/2 pulse length= 15 ns; temperatures 4.2 K.

from control (untreated) samples.

To carry out the pulsed ESEEM experiments, it is important ~ESEEM. To test whether acetate ligation affects histidine
to characterize the field-swept electron spatho signals ligation to the Mn cluster, we compared the histidine-Mn
generated by illumination of our various PSII samples. Figure coupling of both NO/acetate-treated and untreated PSII using
2 displays the “light minus dark” ESE-EPR spectra (field values ESEEM?® Figure 3a shows the Fourier transforms of the two-
belowg = 2) of acetate-treated PSIl membranes (a), NO/acetate-pulse “light minus dark” time-domains for a series of four
treated membranes (b), and untreated membranes (c) (all pHdifferent NO/acetate-treated PSII samples (solid traces) in which
5.5). The ESE-EPR spectra reflect the direct EPR absorptionNO was added as a gas; also shown is the Fourier transform of
line shape, rather than the field derivative, as no field modulation the two-pulse “light minus dark” time-domain of untreated
is employed. The acetate-treated sample shows a narrower ESE(dotted trace) PSIl membranes (pH 6.0). Figure 3b shows the
EPR spectrum associated with a large contribution from the average of the NO/C¥ OO -treated samples as compared to
relatively narrow “split” portion of the interaction spectrum. the control sample. We observe no major changes in the
This spectrum is comparable to those published in our previous modulation from the histidiné*N nuclei, suggesting that the
ESE-ESEEM investigation of the acetate-inhibition form of the histidine ligation of the Mn cluster is unaffected by the addition
“split” signal 3 The NO/acetate sample shows a broader ESE of NO or acetate.
line width, essentially identical to that of the control multiline The three-pulsed time-domain ESEEM spectra (3200 G) of
sample, with Mn hyperfine features evident in both spectra. NO/acetate-treated samples (pH 5.5) in which NO was added
There is no evidence of any free Mn(ll) contamination in these as a gas are displayed in Figure 4. Included are the spectra for
spectra. We have found that long term1( min) exposure of normal isotopic abundance acetate, deuterated;QCID)
the samples to NO, particularly at room temperature, releasesacetate, and théH/*H ratio of these two spectra. The inset
some free Mn. This has also been observed by other researchdepicts the Fourier transform of the ratioed time-domain pattern;
ers59%70Indeed, long-term incubation of BBY membranes with a single peak appears at the deuteron Larmor frequency (2.3
mM concentrations of NO at30 °C actually reduces the Mn ~ MHz). Similar results were obtained at 3100 and 3180 G (data
cluster to a state belowy8*71.72The asterisks in Figure 2b mark  not shown). Nitric oxide gas was also used to add NO to the
the field positions (3100, 3180, and 3200 G) where the three- samples for data collected at 3100 G, while the donor was used
pulse ESEEM spectra were recorded for the NO/acetate-treatedn the data set collected at 3180 G. Both methods of NO addition

NO/Acetate-treated

ESE Amplitude

Magnetic Field (G)

PSII preparations. produce very similar time- and frequency-domain ESEEM
spectra. The acetate deuteron modulation of the multiline signal
(69) gz%%ssias, C.; loannidis, N.; PetrouleasBibchemistryl 997, 36, 9261~ electron spir-echo displayed here is appreciably deeper than
(70) Sanakis, Y.; Goussias, C.; Mason, R. P.; PetrouleaBjoéhemistryl996 our previously published acetate deuteron modulation of the S
35, 1411-1417. Y3, “split” signal 28
(71) Sarrou, J.; loannidis, N.; Deligiannakis, Y.; PetrouleasB\chemistry
1998 37, 3581-3587.
(72) loannidis, N.; Sarrou, J.; Schansker, G.; PetrouleaBjathemistryl 998 (73) Tang, X.-S.; Diner, B. A.; Larsen, B. S.; Gilchrist, M. L.; Lorigan, G. A,;
37, 16445-16451. Britt, R. D. Proc. Natl. Acad. Sci. U.S.A994 91, 704-708.
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- NO/Acetate-treated PSII b
Untreated PSII (b) Figure 4. Time-domain “light minus dark” three-pulse ESEEM spectra of

NO/CD;COO~, NO/CH;COO™, and?H/*H ratioed NO/acetate-treated PSI|

membranes (pH 5.5). The Fourier transform of #h#H ratioed time-

domain is shown as an inset. Nitric oxide was added to the samples as a

| ' | ' , | | gas. The experimental data are shown as a solid line; a simulation is shown

2 4 6 8 10 12 14 16 as a dotted line. Experimental parameters: microv_vave frequeneyl 68
Frequency (MHz) GI_-|Z; B = 3200 G;7 = 220 ns; s_t{:\rtlng' = 80 ns;T increment= 20 ns;

microwave power= 16 W; repetition rate= 200 Hz; /2 pulse length=

Figure 3. Fourier transforms of the “light minus dark” two-pulse ESEEM 15 ns; temperature 4.2 K. Simulation parametersiiso = 0; €Qq= 0.17

time-domain spectra obtained from: (a) a series of four different NO/acetate- MHz; electric field gradient asymmetry parameigr= 0; Agi, = 0.097,

treated (solid traces) PSII samples (pH 6.0) as compared to untreated (dotted.190 MHz. See text for further simulation details.

trace) PSIl membranes (pH 6.0); (b) the average of the four time-domain

spectra for the NO/CECOO -treated PSII samples (thick trace) as compared 25

to the untreated (dotted trace) PSII control sample. Nitric oxide was added

to the samples as a gas. Experimental parameters: microwave frequency

= 9.234 GHz; B= 3100 G; startingr = 170 ns;z increment= 10 ns;

microwave power= 25 W; repetition rate= 200 Hz; /2 pulse length= 2.0

11 ns;x pulse length= 23 ns; temperatures 4.2 K.

Given the rapid dropoff ofH modulation depth with distance
(1/r8), this relatively strongH modulation indicates that acetate,
the only source of deuterons in the sample, is binding in very
close proximity to the Mn cluster. For typical signal-to-noise
levels, the maximum detectable distance for a weakly coupled
deuteron is 56 A. In our case, the peak is well above the noise
level, suggesting a closer distance. An advantage of the relatively
short range of ESEEM is that it discriminates against signals 0.5 1 2 3 4
from low concentration solute molecules not bound at specific Frequency (MHz) —v..
sites in close proximity to the metal center. For example, our ——— z
earlier work on alcohol binding to the Mn cluster in the- S 00

. I T T

state revealed &y (at the temperature that the EPR sample 0 1 ’ 3 4 s p
formed a solid glass) of approximately 80 mM for methanol T4rs)
and ethanof? At 80 mM concentration, approximately 0.005 Figure 5. Time-domain and Fourier transform (inset) three-pulse ESEEM
ypothetical solvent accessile cift out 0 a distance of 6 A, 2212 of M depeedGBOO -teated Pl merivanes (oK .01 Y

A e : ' trapped (% and Y,; “light”), Y, only (“dark”), Y3 only (“light minus
assuming a full octant of solvent accessibility (equivalent to a dark”). Experimental parameters: microwave frequescg.234 GHz; B
large solid angle of 1.6). Even at 400 mM, the concentration of = 3100 G;z = 214 ns; starting = 86 ns;T increment= 20 ns; microwave
acetate used for this study, only 0.03 nonspecifically bound POWer = 25 W; repetition rate= 200 Hz; /2 pulse length= 11 ns;

temperature= 4.2 K.

acetate molecules would occupy such a cleft. A large number
of more distant acetate molecule® ¢ 6 A) cannot account
for any appreciable contribution to the modulation, as the ESEEM modulation pattern for Yalone (Figure 5, lowest
integrated modulation from such distant species drops off astrace) is isolated from the trace of the “illuminated?’, ¥
R4 We therefore conclude that there is a specific acetate Yp-trapped CRCOO -treated/Mn-depleted PSIlI sample (up-
binding site in close proximity<6 A) to the Mn cluster. per trace) by subtracting the “dark” spectrum of the annealed

Figure 5 addresses the issue of acetate access to the Ysample (middle trace), which contains only,.YThe inset
center of Mn-depleted PSIlI preparations. The three-pulse depicts the corresponding Fourier transforms of the three-pulse

1.5

1.0+

Stim. Echo Amplitude

FT Amplitude
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ESEEM spectra. The low-frequency modulation, corresponding
to the~1.5 MHz peak in the Fourier transforms, arises from a — NOJ/CH,;COO /d4-methanol-treated PSII
. . . — d4-methanol-treated PSII
B methylene proton of the Y radical which is close to the
“exact cancellation” condition which gives rise to large ESEEM (a)
intensities’*7> However, we observe 4 modulation which
would result from deuterated acetate binding in the vicinity of
Y3 in the Mn-depleted sample. Given tha} ¥ Mn-depleted
PSII particles is thought to be more solvent accessible than in
Mn-intact PSII particled? .76 this reinforces the argument made
above that one is unlikely to see nonspecific binding at the 400
mM concentration of the deuterated acetate used here. Moreover,
given our previous result thdH modulation is observed from
deuterated acetate bound in the vicinity of the Mn clustgr/Y
dyad of PSII giving rise to the “split” EPR sign#,this new
experiment showing an abolition of this modulation as seen from
the Y; species when the Mn cluster is destroyed suggests a
role of the intact Mn cluster in establishing this acetate binding
site.

We have previously used ESEEM to show that in intact BBY
membranes, small alcohols such as methanol bind at the Mn
cluster, while bulkier alcohols such as 2-propanol, as well as -+ NO/CH;COO /d4-methanol-treated PSTI

. — d4-methanol-treated PSII
DMSO, are unable to access the clustegiven thaPH ESEEM
provides a powerful probe to investigate the binding of
deuterated alcohols and DMSO as described above, we have
performed an initial set of experiments using 1.0 M deuterated
methanol (which binds in a control, non-acetate-treated sample)
and 1.0 M deuterated DMSO (which does not) to examine the

FT Amplitude

T I T
effect of acetate binding on the access of these potential ligands L5 2.0 2.5 3.0

to the Mn cluster. NO was added to these samples as a gas. Frequency (MHz)
Sample treatment details are provided in the Materials and Figure 6. Fourier transforms of the “light minus dark” three-pulse ESEEM
Methods section. We first determined that we can produce time-domain spectra obtained from: (a) a series of four different PSII

- . . ... samples treated with NO/GBOO /ds-methanol (thin traces) as compared
reasonable multiline EPR signals in PSII samples treated with ; pg)| membranes (pH 6.0) treated witirmethanol only (thick trace);

NO/CH;COQO /ds-methanol and NO/CHCOO /de-DMSO. These (b) the average of the four time-domain spectra for the NQ@®O/d,-
samples produce multiline signals that are similar to those methanol-treated samples (dotted trace) as compared to that of the
exhibited by NO/acetate-treated samples. Figure 6a displays theﬁ:—methanol (thick trace) PSII control sample. Nitric oxide was added to

. . . e samples as a gas. See Materials and Methods for sample treatment
Fourier transform of the three-pulse ESEEM time-domain of @ getails. Experimental parameters: microwave frequen@405 GHz; B
control PSIl sample (pH 6.0) treated with deuterated methanol = 3200 G;r = 220 ns; starting = 80 ns;T increment= 20 ns; microwave
only (thick trace) and a set of Fourier transforms corresponding Power = 16 W; repetition rate= 200 Hz; x/2 pulse length= 11 ns;
to four different PSII preparations (pH 6.0) treated with NO/ temperature= 4.2 K.
CH3COO /ds-methanol (thin traces). We performed the ESEEM
experiment with multiple samples to check for consistency. We
note that there is some variance from sample to sample, but all
show appreciabléH modulation from deuterated methanol
bound in close proximity to the Mn cluster in the presence of
acetate. Figure 6b shows the average (dotted trace) of the NO

CH3COO /ds-methanol-treated samples as compared to the AR ORI
.~ because its intrinsic binding affinity is significantly lower than
control sample. We observe that the deuteron modulation in -
. . that of methanol. Acetate binding at the Mn cluster does not
the acetate-treated samples is quite comparable to that of the

L S n new proximal DM inding site. This is n
control. This indicates that acetate binding does not eliminate Open a new proxima SO binding ste. S Is not a

s _ surprising result. However, the lack of appreciatemodula-
methanol binding in close proximity to the Mn cluster.

. h . ‘ t the th | tion from ds-DMSO at 1.0 M concentration experimentally
Figure 7a presents the Fourier transform of the three-pulse gjncqrces the point that these ESEEM experiments effectively

gme-domzln of a CO;:,”EI PSlI sargplﬁ (pH 6,'0) treat;ed W'thf discriminate against detection of molecules dispersed in solvent
euterated-DMSO (thick trace) and the Fourier transforms o distributed over multiple nonspecific binding sites. The deu-

three different PSIl samples (pH 6.0) each treated with NO/

CH3COO /ds-DMSO (thin traces). Figure 7b compares the
average of these three data sets (dotted trace) to the control.
We see that as for the non-acetate-treated control, there is no
evidence for DMSO binding near the Mn clusDMSO does

/wot bind to the Mn cluster in a control sample, either because
it is too bulky to access the site occupied by methanol or perhaps

terated DMSO concentration used here is 2.5 times greater than
that of the deuterated acetate used in Figure 4, ancftthe

(74) Evelo, R. G.; Hoff, A. J.; Dikanov, S. AChem. Phys. Lett1989 161,

479-484. concentration provided is greater by a factor of 5.

(75) Warncke, K.; McCracken, J. Chem. Phys1994 101, 1832-1841. indi H

(76) Babcock, G. T.; Espe, M.; Hoganson, C.; Lydakis-Simantiris, N.; Mc- 2 We can also egplore Wfater bln'dlng39to.the Mn cluster using
Cracken, J.; Shi, W.; Styring, S.; Tommos, C.; WarnckeAta Chem. H ESEEM following DO incubationt-3° Figure 8a compares
Scand.1997 51, 533-540. _ ; 0 ; ~ ;

(77) Tommos, C.; McCracken, J.; Styring, S.; Babcock, GJ.TAm. Chem. the three pulse I‘atIO(_i'd (50%0/H;0) time-domain spectra and
S0c.1998 120, 10441-10452. Fourier transforms (inset) for sets of three control and four NO/
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Figure 7. Fourier transforms of the “light minus dark” three-pulse ESEEM
time-domain spectra obtained from: (a) a series of three different PSII
samples treated with NO/GBOO /de-DMSO (thin traces) as compared
to PSIl membranes (pH 6.0) treated witgiDMSO only (thick trace); (b)

the average of the three time-domain spectra for the NQGTMD /dg-
DMSO-treated samples (dotted trace) as compared to that d§tb&SO
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Figure 8. (&) Time-domain “light minus dark” three-pulse ESEEM spectra
of ratioed (50% DRO/H,O) NO/CH;COO -treated (thin traces; four separate
sample sets) and (50%,0/H,0) untreated (thick traces; three separate

(thick trace) PSII control sample. Nitric oxide was added to the samples as sample sets) PSIl membranes (pH 6.0). Nitric oxide was added as a gas.
a gas. See Materials and Methods for sample treatment details. Experimentallhe Fourier transforms of the ESEEM time-domain spectra are shown as

parameters are as in Figure 6.

CH3COOQO -treated PSII membranes (samples prepared with 50%

D,0 buffer were incubated 25 min; nitric oxide was added as
a gas). We are currently using only 50%@ because the
modulation from buffer prepared with 100%,0 is so great

an inset. (b) The three-pulse ESEEM time-domain “ratio of ratios” for a
control PSIl sample set and a NO/@EDO -treated PSIl sample set. The
“ratio of ratios” is obtained by dividing a (50% X/H,0O) ratioed “light
minus dark” time-domain spectrum of untreated PSII by a (50#%/B,0)
ratioed “light minus dark” time-domain spectrum of NO/gEOO -treated

PSII. The dotted trace corresponds to a simulation of the “ratio of ratios.”
Experimental parameters: microwave frequerc9.234 GHz; B= 3100

G; T = 227 ns; startind = 73 ns;T increment= 20 ns; microwave power
= 25 W; repetition rate= 200 Hz;x/2 pulse length= 11 ns; temperature

we are _Conceme_"d th{?lt_ small changes_ may be masked because 4.2 K. Simulation parameters?Qq = 0.22 MHz; electric field gradient
of possible nonlinearities of the heavily modulated data sets. asymmetry parameter = 0.1; one deuteronAs, = 0.800 MHz; Agi, =
The?H modulation patterns are dramatically different between 0.617 MHz) and two deuterong;, = 0.450 MHz).

the two classes of samples, with reduced modulation found in

the acetate inhibited samples relative to the uninhibited controls.in Which the 'Y; paramagnetism is quenched by the paramag-
This clearly indicates that acetate binding reduces the acces{‘et'_C”NQ' revealing the multiline '5'2'3 shape rather than the
sibility to the Mn cluster of deuterons of bound substrate waters “SPIit” signal line shape (Figure ¥}.°>With ESEEM, we can

or hydroxides, of other proximal waters, or of deuterons
exchanged into other nearby sites.

Discussion

Histidine Nitrogen Ligation. In a previous®®*Mn ENDOR
study of the “split” EPR signal? we showed that the, State
55Mn hyperfine couplings of the tetranuclear Mn cluster are
essentially unaltered by the introduction of the magnetic
interaction with the Y, radical. This is consistent with the very
similar line shapes of the multiline EPR signals for control

examine weaker hyperfine couplings to magnetic nuclei of
ligands or other proximal molecules. ESEEM studies of control
S,-state samples shoWiN modulation patterrid that have been
assigned to one or more histidine ligands via experiments using
PSII particles prepared witlPN labeled histidin€3 Figure 3
shows that thid“N-histidine modulation is very similar in the
NO/acetate-treated sample when compared to a contsibge
sample. This provides another demonstration that the electronic
structure of the NO/acetate-treated sample is very similar to that
of a control $-state sample. Furthermore, this demonstrates that
acetate binding in the vicinity of the Mn cluster does not result

[untreated] samples as compared to NO/acetate-treated sampledn the removal of one or more histidine ligands.
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Acetate Binding. Figure 4 shows thaH modulation of the proximated as collinear with the dipolar coupling axis, which
multiline ESE signal results from the use of methyl-deuterated is adequate for modeling the first few cycles of tRd
acetate in NO/acetate-treated PSII preparations. In the Resultsnodulation pattern. The simulation displayed in Figure 4 uses
section, we argue that this modulation arises from deuteratedtwo deuterons with dipolar couplings of 0.097 MHz, corre-
acetate bound at a specific binding site in close proximit¢ ( sponding to a 5.0 A distance, and a single deuteron with a 0.190
A) to the Mn cluster. In this section, we address the range of MHz coupling, corresponding to a 4.0 A distarféeThough
possible distances between the Mn cluster and the acetate methyye would not argue that this is a unique simulation, we clearly
deuterons which could give rise to the observed modulation. find boundaries as to what provides good simulations. For
Such an estimate is needed to test whether acetate could b%xample, poorer simulations are obtained using a dipolar
binding directly as a ligand to the cluster. There are several coupling which corresponds to%i—Mn distance off < 3.0
levels of analysis that can be used to estimate the actual Mn A, or with all deuterons at > 5.0 A. Moreover, the simulation
?H distance(s}’ We start by magnetically modeling the Mning two deuterons at 5.0 A and one deuteron at 4.0 A is better
cluster as a point electron dipole. A straightforward analytical 4 simulations using one deuteron at 3.7 A (from the analytical

,60,78 i . . .
procedurg?®®can then be used to estimate the electron g1 ncleus approximation) or three deuterons at 4.4 A (from
nuclear distance. As an initial estimate, we can quantify a range o equivalent nuclei approximation). We therefore favor an

of distances between this electron point-dipole and the acetate; . diate coupling assignment, where all three deuterons

contribute to the modulation, but not equally. This simulation
is consistent with a single acetate site located in close proximity
of the Mn cluster.

methyl deuterons by using the “single nucleus/equivalent nuclei’
approximation$?7°Implicit here is the assumption that a single
acetate occupies the specific binding site probed by ESEEM,
consistent with the data presented bhika et al. in which they ) ) o
proposed the existence of a single acetate binding site on the 1N€ next level of improvement in our analysis is to better
donor side of PSI#6 The “single nucleus” approximation model the Mn cluster. Instead of using a single point-dipole
assumes that a single close methyl deuteron is the primary@PProximation, we can spatially distribute dipoles using a
contributor to the signal modulation dept) pbserved in the ~ Multiple point-dipole methodology which considers the center
ESEEM time-domain. This approximation provides an ap-
proximate minimum distance, and, using the analytical procedure (80) For weak dipolar coupling between &= ¥, electron and ar = 1/,
outlined in the footnoté? we can estimate this minimum nucleus, the theoretical modulation depth paramedeis(given by$°

) S . 3 2
distance between the electron point-dipole and the single acetate Keip = [(Hiﬁa) cos@ sin 9] @
deuteron to be 3.7 Ak(= 0.084). An upper approximation to " , | to thervalue | °rth i ” .
. . . . “ . o wnereg Is equal to theg-value Tor the paramagnetiC specipsepresents
the 2H—Mn distance is derived using the “equivalent nuclei the Bohr magnetort, is the magnitude of the applied magnetic fialds

approximation, which treats all three methyl deuterons as the distance between the unpaired electron and the nucleif andhe

. . . angle between the Zeeman field vector and the vector connecting the
eqmdlsta_nt and therefpre as equal _Cont”blftors to_ the modulation. electron and the nucleus. The equation is simplified using the trigonometric
The equivalent nuclei approximation elicits a distance greater identity cos6 sin 6 = %/, sin 26:
than the single nucleus approximation by a factor &f,%3 Ky = 398 25ir12 - @
providing a maximal distance to the three equivalent methyl =12 2Hr°
deuterons of 4.4 A. Despite using one versus three deuterons  For anl = 1 nucleus, such &, neglecting the effects of the sma

in the two approximations, the 3-2.4 A range is relatively ‘Q‘;?‘f;r‘g‘;‘g'ﬁ{om;?f ’Jtrhf)fjsoepth parameter wilflgdimes larger because

tight due to the steep rf/distance dependence. [\ 2
A further-improved estimation of th#H—Mn distance can Ko =6 e S 3)
be obtained using a simulation method based on density matrix  This equation is averaged over a sphere to account for the range of
theoryle’eg but still approximating the Mn cluster as a single orientation of the magnetic field with respect to the vector between electron
0 . . . ) and nuclear spin®
point-dipole. Figure 4 shows a simulation of this type (dotted ~ 16\[ 98 \?
line) as an overlay to the experimental ratioed ESEEM data ke = |5 \E 2 4)
[0}

(SO”d Iine) obtained at 3200 G for NO/acetate-treated PSlI The above equation can be used to calculate the distance between the nuclei

membranes. Implicit to these simulations is a zero contact and the unpaired electron spins, once a correction is made for the decay.
. . . . . A decay factor must be included to account for the damping of the
hyperfine interaction; thus, the electron nuclear spin hyperfine modulation observed in the time domain: cos[0.383)g5/H],578

interaction is treated entirely as due to dipolar coupling. wherem is dependent on the timd (+ 7). For examplem is equal to 3

. . . for a2H cycle centered around the trough locatét periods from T +
Accordingly, radial distances can be calculated from the 7) = 0; for the subsequent troughy is equal to 5. By multiplying the
simulated dipolar couplings using the equation modulation decay factor by the averaged theoretical modulation depth

parameter, one obtains a corrected valuekfthrat may be compared with
the experimental data. The experimental modulation degthcén be

969,06, ©) determined using the following equatiéh?®
Ad'p 3 . ~ Sly(peakA)+ y(peakB)]— y(trough) ©
- 1
- kA)+ kB

whereg, gy, 3, andf, are theg-values and magnetons for the 2y(pea _) y(pea_ ) _ _
electron and nucleus, respectively. A quadrupolar coupﬂ@q ‘gc:ﬁ;e()ll' rfprr)esents the electron spiacho amplitude at a particular time
of 0.17 MHz is used for thé = 1 deuteron as measured for (81) Edmonds, D. TPhys. Rep1977, 29, 233-290. _ _ _
glycine (NHZCDZCOU).gl The quadrupolez—axis was ap- (82) One consideration is whether the methyl group is frozen in a fixed

orientation at the 4.2 K experimental temperature. The activation energy
for methyl group rotation is 2.5 kcal/mol for GDOO™, as determined by

(78) Lorigan, G. A.; Britt, R. D.; Kim, J. H.; Hille, RBiochim. Biophys. Acta EPR experiments on irradiated crystalline acetic acid over the temperature
1994 1185 284—294. range 77130 K83 At 4.2 K, the amount of thermal kinetic energy available

(79) Halkides, C. J.; Farrar, C. T.; Larsen, R. G.; Redfield, A. G.; Singel, D. J. (kT) is merely 0.012 kcal/mol. Consequently, we consider the methyl group
Biochemistryl994 33, 4019-4035. to be fixed at the low ESEEM observation temperature.
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of each of the four manganese ions as a separate point-
dipole>%84In this case, each manganese contributes to the total
dipolar coupling tensorAgi, may be expressed as follows:

oo = oA (7)

y (&)

wherep represents the spin projection factor that is dependent
on the oxidation state of each manganese atom and the exchange
coupling scheme employedq, is numerically calculated over
three-dimensional space about a given structural and magnetic
model of the Mn clustet?84 This procedure leads to three-
dimensional isosurfaces of constant dipolar coupling strength. : Bidentate

For our three-dimensional modeling, we use our EPR/
ENDOR-derived “dangler” model, with spin projection factors
determined by?"Mn ENDORS%85 This model consists of a
strongly antiferromagnetically coupled trinuclear core, with an
adjacent, more weakly coupled fourth Mn. Figure 9 shows planar
slices through the contours of constant dipolar hyperfine
couplingAgip = 0.097 and 0.190 MHz, the same values which
we used to simulate the ESEEM spectra (see Figure 4).
Superimposed over the planar slices are possible acetate binding
motifs (described below). For discussion, from left to right, the
Mn atoms are denoted Mnfal). In the model presented in
Figure 9, Mn(b) has an oxidation state-68, while Mn(a,c,d)
all have+4 oxidation states. The spin projection factors are as
follows: Mn(a), p = —0.90; Mn(b),p = 1.62; Mn(c),p =
—0.95; Mn(d), p = 1.228 Utilizing these contour plots, we
can extract a range of possible distances from the deuterium
nuclei to nearest Mn ion of the cluster. We find a range 0f3.9
6.1 A corresponding to the weakest dipolar couplifg, =
0.097 MHz; for the stronger couplindyi, = 0.190 MHz, we
obtain a span of 3:55.6 A.

These ESEEM simulations generate acetda distances s 6 4 2
which are consistent with direct acetate ligation. As mentioned

y (&)

y (&)

0 2
X (A)

previously, Figure 9 displays three possible geometries of the Figure 9. Three possible models for the acetate-treated manganese cluster,

tate-treated lust . d I superimposed on a slice through thg, = 0.190 MHz (dotted line) and
acetate-treated manganese cluster, supermposed over plangj o9z pHz (solid line?H hyperfine isosurfaces using the “dangler” model.

slices of constant dipolar hyperfigi, = 0.097 and 0.190 MHz ~ The “seams” though the center of the contours correspond to nodal areas.
for the “dangler” model of the tetranuclear Mn clusteAcetate For discussion, the Mn atoms are denoted M from left to right, which

; ; ; ; corresponds to a Mn(1V,I11,1V,1V) valence assignment. The spin projection
could ligate directly to the cluster in several ways. Figure 9a factors are as follows: Mn(a)p = ~0.90: Mn(b): p = 1.62: Mn(c)- p —
shows acetate bound to the Mn cluster through a monodentate_q gs; and Mn(d):p = 1.22% Three possible motifs for the acetate binding
linkage at three different Mn positions. As before, the Mn atoms site are shown: monodentate (a), bidentate (b), and bridging ligation (c).
are designated Mn¢ad), from left to right. Although not shown Panel a shows the monodentate ligation of acetate to any one of three
: : ’ R . ] possible sites (only a single acetate is thought to be bound). We show the
n Flgu_re 9a, monodentate.blndlng '_S possible from Mn(b) ?S monodentate ligation of acetate to Mn(a), Mn(c), and Mn(d), although
well. Figure 9b shows a bidentate linkage from Mn(a). This |igation to Mn(b) is not entirely unlikely. Panel b depicts bidentate linkage
type of binding motif could also occur from Mn(c). Analogous  to Mn(a); this type of linkage could also occur to Mn(c). Panel ¢ shows the
binding from the other two Mn positions is not supported within 'ﬁ”e t';’losi't?"(')ty gft";‘ andge bet""ee“ttWO M”Dator_?js' '\{'r_‘(c'd)' Model key:
the context of this model. Finally, Figure 9c shows a carboxylato " (black); O (dotted); C (narrow stripes); D (wide stripes).
bridge between Mn(c) and Mn(d). A bridge initiating from either
Mn(a) or Mn(b) is not supported by this model. In summary,
our analysis of the ESEEM data demonstrates that these
experimental results are consistent with direct ligation of acetate
to the Mn cluster, either as a simple monodentate ligand, as a
bidentate ligand, or as a bridge between two Mn ions of the
cluster. In addition, we cannot rule out the possibility that acetate

ligates to a nearby amino acid in such a way that the acetate

deuterons are positioned in very close proximity to the cluster.
Enzyme kinetic plots have demonstrated binding competition

between CI and amines, as well as betweerr @hd F.12.14|t

is also well established that acetate and iRhibit oxygen

evolution and that this inhibition can be mitigated by ¢}

Because acetate behaves in a manner similar twith regard

(83) Erickson, R.; Nordh, U.; Benetis, N. P.; Lund, @hem. Phys1992 168, to effect on oxygen evolution, and also acts as a Lewis base, as
91-98. i i

(84) Randall, D. W.: Gelasco, A.: Caudle, M. T.. Pecoraro, V. L.: Britt, R. D. do amines, it sggms reasonable 'Fo expect that acetate would
J. Am. Chem. Sod.997, 119, 4481-4491. also be competitive with Cl Brudvig and co-workef§ have

(85) Peloquin, J. M.; Campbell, K. A.; Randall, D. W.; Evanchik, M. A; f ; ;
Pecoraro, V. L.; Armstrong, W. H.; Britt, R. Q. Am. Chem. So00Q recently performed an exFenswg Stu_dy _Of the r(_alatlonshlp
122, 10926-10942. between acetate and chloride using kinetic analysis and EPR
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measurements. From kinetic studies of steady-state oxygen Acetate Competition with Other Ligands. We have exam-
evolution rates at different concentrations of both acetate andined the effect of acetate inhibition on access of methanol,
Cl~, these investigators found that acetate binds with linear DMSO, and water to binding sites in close proximity to the
mixed competition with chloridé® In this type of competition, Mn cluster. Experiments with deuterated DMSO (Figure 7) show
the binding affinity of the inhibitor (acetate) is dependent on that this potential ligand does not bind to the Mn cluster under
whether the substrate (chloride) is bound. This result can be conditions of acetate inhibition. This was the anticipated result,
interpreted in two possible binding models: (a) one acetate given that there is no evidence for DMSO binding in control,
binding site that changes affinity when the substrate, & untreated PSIl samples. The ESEEM experiments with deuter-
bound, or (b), two acetate binding sites, only one of which is ated methanol (Figure 6) show no major changes in the access
Cl~ dependent. Because acetate is known to bind to the non-of methanol to the vicinity of the Mn cluster. This strongly
heme Fe on the acceptor side of the OEC, as well as to a sitesuggests that the acetate binding site is distinct from the site or
on the donor sidé%87 Brudvig and co-workers concluded that sites where methanol binds to or in close proximity to the Mn
the linear mixed competition observed between chloride and cluster. On the other hand, th#H modulation observed
acetate is best modeled by two acetate binding sites. Tofollowing DO incubation is reduced appreciably in NO/E€H
determine the effect of Clon the two binding sites, they = COO -treated samples as compared to control PSIl samples
monitored the relevant EPR signals as a function of ClI (Figure 8a). This effect can be examined directly by dividing
concentration. The acceptor side binding site is characterizedthe (50% DO/H,0) ratioed “light minus dark” time-domain
by the formation of the acetate-induced FgEPR signal; they for untreated PSII by the (50%2D/H,0) ratioed “light minus
found that the signal was formed independently of .€lOn dark” time-domain for NO/CHCOO -treated PSII. This spectra
the other hand, both the yield of the-State and the rates of is termed the “ratio of ratios” and is shown in Figure 8b. To a
formation of $—Y and Y, were dependent on the concentra- good approximation, this ratio reveals the modulation from
tion of both acetate and chloride. This was taken as evidencedeuterons displaced from the vicinity of the Mn cluster by the
that acetate binds in competition with Cbn the donor side acetate treatment. Th# modulation is relatively deep. The
and independently of Clon the acceptor side. The binding dotted line in Figure 8b shows a simulation of the ratided
constant for chloride bound to the donor sidKig = 0.5 & modulation using the same matrix-diagonalization ESEEM
0.2 mM; the binding constant for acetate bound to the chloride simulation program employed for the simulation of Figure 4.
site isK; = 16 & 5 mM.#¢ Lindberg reports a similar binding ~ The simulation employs one deuteron with both isotropic and
constant for chloride binding at a low-affinity, rapidly exchang- dipolar couplings s, = 0.800 MHz;Aj, = 0.617 MHz), along
ing site®3 Clearly, the binding affinity for acetate is much lower with two deuterons with only dipolar couplingé{, = 0.450
than that for native chloride. It is possible that the binding is MHz). A nuclear quadrupole coupling®Qq) of 0.22 MHz was
pK, dependent® For example, Sandusky and Yocum found in  used for each of the three deuterons in accordance with the value
studies involving amine-substitution for chloride that the binding used in the ESEEM study of water and methanol ligation to a
affinites for the different amines ar&pdependent? However, mixed-valence dinuclear Mn compl&The 0.617 MHz dipolar
Wincencjusz et al. recently reported that when different anions coupling of the isotropically coupled deuteron corresponds to
(Br~, 17, NOs~, NO,") are substituted for chloride, while the a point-dipolar distance of 2.7 A, while the 0.450 MHz dipolar
kinetics of oxygen evolution are dependent on the type of anion coupling of the other two deuterons corresponds to a 3.0 A
occupying the ClI site, there is no correlation to sizeKp or point-dipolar distance. We note that simulations using deuterons
the hardness/softness of the anions stuéfied. only dipolar-coupled to the Mn cluster are poor because they
Because acetate and chloride compete for a donor side bindingdo not exhibit enough damping in the deuteron modulation after
site, our ESEEM evidence showing that acetate binds at thethe first few cycles. Because the samples were prepared with
Mn cluster, and perhaps directly to the cluster, provides strong 50% 2H,0, these results indicate that approximately six
support that chloride also binds to the cluster. This proposal exchangeable hydrogen atoms in the immediate vicinity of the
has been made before, and these ESEEM results provide strong/in cluster are displaced by acetate binding, two of which have
new experimental evidence. For example, Sandusky and Yocumappreciable isotropic hyperfine coupling to the Mn clusfer.
proposed that chloride forms a bridging ligand between two The short distances (in the point-dipolar approximation) and
manganese atoms in the clusté# This is certainly consistent  the displacement of two deuterons with appreciable isotropic
with one of the proposed acetate bridging motifs described in couplings suggest that acetate displaces at least gistate
the ESEEM analysis (Figure 9c), though mono- and bidentate water ligand to the cluster. If this water displacement disrupts
terminal ligation are also possible (vide supra; Figure 9a,b). In any coupling between proton and electron transfer necessary
terms of specific S-state transitions, Wincencjusz é¢#have to reduce Y, in the $ — Sg transition, this could explain why
detected a chloride requirement for cluster oxidation in the S acetate blocks the OEC from advancing past thes, state.
— S and the $— S transitionst®1°® Acetate inhibits this first ~ We also note the possibility that the acetate treatment could
S, — S transition, locking the donor side in the,-SY;

(88) Because the ESEEM modulation is a produeathnuclear contributior?

configuration?®-52 As we know that acetate is bound at the S the ESEEM modulation observed in PSIl membranes treated with 100%
. i T A : D,0 should correspond to trsgjuareof the modulation observed in PSII

state in these .specmcallly |ph|blted .samples, it is very I_|kely membranes treateg with 50?}2‘;0.

that chloride binds to this site, proximal to manganese, in the V. {100%D,0) = V, (50%D,0)*V,  (50%D,0) ®)

Sestate in oxygen eVONIng samples. Indeed, this is observed experimentally (unpublished data). Thus, we can

scale the simulation presented in Figure 8b to reflect the case of a PSII

(86) Deligiannakis, Y.; Petrouleas, V.; Diner, B. Biochim. Biophys. Actd4994 sample prepared with 100%,0. We find that in fully deuterated water,
1188 260-270. ) ) o acetate displaces two deuterons with both isotropig & 0.800 MHz)

(87) Petrouleas, V.; Deligiannakis, Y.; Diner, B. Biochim. Biophys. Acta994 and dipolar Agp = 0.617 MHz) couplings and four deuterons with only
1188 271-277. dipolar couplings Aqip = 0.450 MHz).
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