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Simulations of the 'H electron spin echo-electron
nuclear double resonance and 2H electron spin echo

envelope modulation spectra of exchangeable
hydrogen nuclei coupled to the S.-state
photosystem Il manganese cluster
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The pulsed EPR methods of electron spin echo envelope modulation (ESEEM) and electron spin echo-
electron nuclear double resonance (ESE-ENDOR) are used to investigate the proximity of exchangeable
hydrogens around the paramagnetic S,-state Mn cluster of the photosystem II oxygen-evolving complex.
Although ESEEM and ESE-ENDOR are both pulsed electron paramagnetic resonance techniques, the
specific mechanisms by which nuclear spin transitions are observed are quite different. We are able to
generate good simulations of both 'H ESE-ENDOR and ?H ESEEM signatures of exchangeable hydro-
gens at the S,-state cluster. The convergence of simulation parameters for both methods provides a high
degree of confidence in the simulations. Several exchangeable protons—deuterons with strong dipolar coup-
lings are observed. In the simulations, two of the close (=2.5 A) hydrogen nuclei exhibit strong isotropic
couplings and are therefore most probably associated with direct substrate ligation to paramagnetic Mn.
Another two of the close (=2.7 A) hydrogen nuclei show no isotropic couplings and are therefore most
probably not contained in Mn ligands. We suggest that these proximal hydrogens may be associated with
a Ca?"-bound substrate, as indicated in recent mechanistic proposals for O, formation.

Keywords: multiline electron paramagnetic resonance signal; oxygen-evolving complex;
pulsed electron paramagnetic resonance; water oxidation

1. INTRODUCTION

PS II oxygen evolution occurs through a cycle of five ‘S-
state’ intermediates, S, through to S,, where the subscript
represents the number of oxidizing equivalents abstracted
from the PS II OEC by the photoxidized P¢g, Chl moiety
(Kok et al. 1970). The OEC consists of a tetranuclear Mn
cluster, the redox-active tyrosine Y, and the essential
cofactors C1~ and Ca* (Debus 1992; Britt 1996; Yachan-
dra et al. 1996). Extensive CW EPR characterization of
the odd-electron S, state has led to much of our current
knowledge of the structure, protein ligation, and substrate
and inhibitor binding modes of the Mn cluster. However,
CW EPR spectroscopy has inherent resolution limitations
that can often be overcome by performing pulsed EPR
experiments using multipulse ESE sequences. In this arti-
cle, we discuss results from our laboratory using ESEEM
and ESE-ENDOR to address the proximity of exchange-
able hydrogen nuclei (protons and deuterons) to the Mn
cluster in the S, state. The goal of this work is to learn
more about the binding of substrate water within the OEC
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at the S, state, which is halfway through the S,-state water
oxidation cycle.

2. PULSED EPR METHODS

These ESE methods are useful because EPR lineshapes
of biological paramagnetic entities are typically dominated
by inhomogeneous broadening. The inhomogeneously
broadened lineshape arises from the overlap of resonances
(‘spin packets’) resulting from a near continuum of mag-
netic environments. One source of inhomogeneous broad-
ening is the unresolved overlap of hyperfine lines from
many coupled nuclei, because the number of hyperfine
lines increases multiplicatively with the number of classes
of coupled nuclei. If the spectral density becomes suf-
ficiently high, the spacing between individual hyperfine
lines will become less than the intrinsic lifetime-broadened
linewidth of each spin packet, and the EPR lineshape will
become dominated by the resulting Gaussian lineshape,
such as in the case of the g = 4.1 signal in unoriented PSII
membranes (Casey & Sauer 1984; Zimmermann & Ruth-
erford 1984). Even for a partially resolved signal such as
the S,-state multiline (Dismukes & Siderer 1981), much
spectral information is buried by the inhomogeneous
broadening: only 18-21 peaks are resolved out of the 1296
transitions resulting from four I = 5/2 >>Mn couplings. In
addition to unresolved hyperfine, inhomogeneous broad-
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Figure 1. (@) Two-pulse and (b) three-pulse ESEEM sequences.

ening results from orientational distribution of anisotropic
hyperfine and g-matrix interactions as well as site-to-site
‘strain’ of g and A terms.

Spin echo sequences, either two pulse or three pulse,
can be used to negate the effects of inhomogeneous broad-
ing. The resultant spin echo signal can be used to generate
a field swept EPR spectrum analogous to the conventional
CW EPR spectrum. Field modulation is not employed, so
the spectrum generated is a measure of the direct absorp-
tion rather than the field derivative. More importantly, by
overcoming the deleterious effects of inhomogeneous
broadening obscuring hyperfine interactions with mag-
netic nuclei, ESE methods can introduce much new spec-
tral information. Specifically, the ESEEM and ESE-
ENDOR techniques can be used to detect the nuclear spin
transitions of magnetic nuclei in close proximity to the
paramagnetic centre (Hoffman er al. 1993; Britt er al
2000). In these experiments the spin echo is the carrier
onto which nuclear spin information is encoded, either by
time-domain interference (ESEEM) or through RF-driven
magnetization transfer (ESE-ENDOR).

(a) ESEEM

In the ESEEM experiment, ESEs are formed by the
application of two or more resonant microwave pulses. In
addition to inducing the electron spin transitions, the
microwave pulses may also induce ‘semi-forbidden’ tran-
sitions of nuclear spins magnetically coupled to the elec-
tron spins, resulting in quantum mechanical coherences
in the nuclear spin sublevels associated with the electron
spin levels. These coherences create interference effects
that can be measured by varying the ESE pulse timing.
Fourier analysis of the resulting time-domain ESEEM pat-
tern reveals the frequencies of the nuclear spin transitions.
The frequencies and amplitudes of the Fourier peaks can
be interpreted to determine hyperfine and electric quadru-
polar interactions of the coupled nuclei. Time-domain
simulations may also be used to determine the number of
coupled nuclei of a given class. This quantitative aspect is
a major advantage offered by the ESEEM technique. In
general, ESEEM excels for relatively weakly coupled
nuclei. ESEEM experiments utilizing two-pulse Hahn
echo (figure la) or three-pulse ‘stimulated’ echo (figure
16) sequences have been applied to the study of the PSII
Mn cluster. In this paper, we target deuterons introduced
into the vicinity of the S,-state Mn cluster by PSII mem-
brane incubation in a 2H,O-enriched buffer.
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(b) ESE-ENDOR

Unlike ESEEM, the ESE-ENDOR experiments do not
rely on semi-forbidden nuclear spin transitions during the
microwave pulses. Rather, the nuclear transitions are
driven directly with separate high-power RF pulses. In an
ESE-ENDOR experiment, an alteration of the initial elec-
tron spin magnetization is created by one or more high-
power resonant microwave pulses. Application of the RF
pulse further perturbs the electron magnetization if the RF
pulse induces spin transitions of nuclei magnetically
coupled to the electron spins. The nuclear spin transition
frequencies are measured by varying the RF while moni-
toring the effect of the RF pulse on a subsequent ESE.
The ESE-ENDOR sequences are capable of detecting
nuclei that are too strongly coupled for ESEEM detection.
Therefore ESE-ENDOR is a more robust method. Alter-
natively, ESE-ENDOR can also be used to target
ESEEM-active nuclei as well. Pulse sequences introduced
by Davies (1974) and by Mims (1965) have been applied
to the PSII Mn cluster (figure 2). The Davies sequence is
typically preferable for large couplings, while the Mims
sequence provides ESE-ENDOR access to relatively weak
couplings. In this paper, we use Davies ESE-ENDOR to
examine the distribution of protons around the S,-state
Mn cluster. A comparison of the '"H ESE-ENDOR spec-
trum taken before and after PSII membranes are incu-
bated in a 2H,O-enriched buffer allows us to focus on the
same exchangeable hydrogen sites observed with the 2H
ESEEM. The constraints provided by simulating both 'H
ESEEM and ?H ESE-ENDOR using the identical sets of
hyperfine coupling parameters, scaled appropriately for
the relative gyromagnetic ratios (y(*H)/y(*H) = 6.5), pro-
vide for appreciably greater confidence in the results than
if only one of the techniques was employed.

(¢) ESEEM and ESE-ENDOR spectral trends

Figure 3 illustrates '"H ESE-ENDOR patterns through
simulations of ‘powder pattern’ spectra for a single nuclear
spin I=1/2 proton coupled to a spin I=1/2 electron.
These simulations are generated in the limit of a point
dipole approximation. In a first-order perturbation theory
analysis, the ENDOR transitions come in pairs, centred
at the proton Larmor frequency, and split by the hyperfine
coupling A, which is angularly dependent because of the
dipolar coupling. The dipolar coupling term has a magni-
tude
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Figure 2. (a) The Davies and (b) the Mims ESE-ENDOR sequences.
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Figure 3. '"H ESE-ENDOR simulations. (@) The A,
dependence for fixed A, where Ay, =2.00 MHz and
rer=3.41 A: solid line, 4,, = 0.00 MHz; dotted line,

Ao =2.00 MHz; bold solid line, 4;,, =4.00 MHz. (b) The

Agip dependence for fixed A, where A4, =2.00 MHz: solid
line, A4, =1.00 MHZ, rer=4.91 A; dotted line, Agip=

2.00 MHZ, Tege= 3.41 A bold solid line, A4y, =3.00 MHz,
rer=2.97 A.

where g, and gy are the electron and proton g factors and
B. and By are the electron and proton magnetons. In this
term, r is the ESE-ENDOR separation, again in the point
dipolar approximation. The dipolar interaction follows
a 3cos?6-1 angular dependence, where 0 is the angle
between the ESE-ENDOR vector and the applied mag-
netic field vector. There can also be an isotropic hyperfine
component, A;,,, which arises from the direct overlap of
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A, and Ay, are all divided by the y(*H)/y(*H)

the unpaired electron wavefunction with the magnetic
proton. For a given orientation, the effective hyperfine
coupling is given by 4, + Ag,(3cosf—1). In this point
dipole approximation, the powder patterns show axial
symmetry, with greatest intensity at the ‘perpendicular’
turning point which results in the limit where the ESE-
ENDOR vector approaches an orientation perpendicular
to the applied magnetic field vector (6 — 90°). The ‘paral-
lel’ turning point has less intensity because a smaller frac-
tion of the unit sphere corresponds to orientations with
the ESE-ENDOR vector nearly parallel to the applied
magnetic field vector (6 — 90°).

Figure 3 shows 'H ENDOR simulations for the case
where Ay, and A;, have the same sign. Figure 3a shows
the A, dependence for fixed Ag;,, and figure 3b shows
the Ay, dependence for fixed A;,. For a relatively large

A, (figure 3a, bottom trace) the two powder patterns are

separated. If Ay, and 4;,, have the same sign, the conven-
tion utilized here, the perpendicular features are the inner-
most, with the smaller parallel features outermost. As A4,
is decreased (middle trace) the two powder patterns
coalesce, initially overlapping the perpendicular features,
and as A;,, approaches zero (top trace), the two powder
patterns completely overlap. Figure 36 shows analogous
effects as Ag;, is increased, from top to bottom, for a fixed
value of 4.

Of course in the ‘real world’ the powder patterns are
not typically so well resolved. For example, hyperfine
strain will reduce the sharpness of the perpendicular and
parallel turning points compared with the ideal simulation.
Often the smaller parallel transitions are difficult to detect,
as could be imagined for the large A4, case at the bottom
of figure 3¢. Additionally, if the actual unpaired electron
density distribution is non-spherical, the powder patterns
will generally take on some degree of rhombicity. In cases
with well defined g-anisotropy, at a given field value the
full powder pattern will not be obtained because only cer-
tain molecular orientations are actually sampled (Hoffman
et al. 1993). However, for ESE-ENDOR of the S,-state
multiline EPR signal obtained at X-band EPR fre-
quencies, such g-anisotropy is negligible and full powder
pattern simulations are appropriate.

Figure 4 shows the ?H two-pulse ESEEM patterns, both
in the time and frequency domain, corresponding to the
ESE-ENDOR spectra of figure 3. The hyperfine terms,
= 6.5 ratio
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Figure 4. 2H ESEEM simulations. (a,c) Time-domain spectra. (b,d) Frequency-domain spectra. (a,b) The A, dependence for
fixed A4, Wwhere Ay, = 0.31 MHz and r=3.41 A: solid line, 4;,, = 0.00 MHz; dotted line, 4, = 0.31 MHz; bold solid line,
A;,=0.61 MHz. (c,d) The A4, dependence for fixed A;,, where A, =0.31 MHz: solid line, A4, =0.15 MHz, r.z=4.91 A;
dotted line, Ay, =0.31 MHz, r.g=3.41 A; bold solid line, Ay, = 0.46 MHz, r.q=2.97 A.

for these simulations, and electric quadrupolar parameters
of ¢2gQ = 0.22 MHz and n = 0.1 are used for simulations
for this nuclear spin /=1 nucleus. The simulations are
carried out via a matrix diagonalization program pre-
viously described (Britt ez al. 1989) based on the density
matrix calculations described by Mims (1972). Figure
4a,b shows the data for fixed Ay, and varied 4;,, values.
The modulation depths in the time-domain spectra do not
change too dramatically with varied A;,,, and are shown
staggered in figure 4a. However, the overall modulation
details do show a large dependence on the hyperfine para-
meters, and thus the simulation of time-domain signatures
can be used to extract hyperfine couplings from experi-
mental data. The frequency-domain spectra were obtained
by Fourier transformation. The fundamental transitions
are centred at the 2H Larmor frequency, vy. One notes
that the resolution is poor compared with the ESE-
ENDOR spectra. This is in large part due to the fact that
in the point dipolar limit, the semi-allowed nuclear spin
transitions necessary for the modulation effect become
fully forbidden at the canonical 6 = 0, 90° turning points.
Thus, one gets zero intensity at the very frequencies that
are emphasized in the ENDOR spectrum. For the A,
dependent data of figure 4a,b, in the frequency domain
one only sees a broad featureless peak for the two lower
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A;s, values. For the largest A;,, simulation, the peak does
split into a doublet.

A negative feature is also observed at approximately
twice the ?H Larmor frequency. This 180° out-of-phase
feature occurs at the sum of the frequencies of the two
fundamental transitions. The exact frequency of this tran-
sition is useful because it is shifted from twice vy by a
factor of

9
T6(Adip)23 N

Thus, the position of this peak gives specific information
concerning the dipolar coupling. This out-of-phase sum
peak is narrower than the fundamental, and thus progress-
ively manifests itself in the time domain. For example, in
the middle traces of figure 4a,b, note how the almost
sinusoidal modulation at the fundamental frequency
slowly turns into a second harmonic component. Simulat-
ing such transitions helps extract the isotropic and dipolar
couplings from the experimental data. Kevan (1979) gives
a very good description of such effects.

Figure 4¢,d shows the dramatic effects of varying Ay,
for a fixed A;,,. The modulation depth increases dramati-
cally with increased dipolar coupling. In terms of distance,
the modulation depth scales as ca. 1/r®. The time-domain
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(a) Table 1. Simulation parameters.
| number Ai, (MHz) 2H Ay, (MHz) 2H 1 (A)
60 2 0.55 (3.58) 0.70 (4.56) 2.59
1 0.00 (0.00) 0.61 (3.97) 2.71
401 1 0.00 (0.00) 0.30 (1.95) 3.43
ambient waters 0.00 (0.00) =<0.19 (=1.24) = 4.00
20
et o Figure 5 shows the 'H ESE-ENDOR spectrum associa-
0 o e ted with the S,-state multiline EPR signal. Figure 5a
T T T T T 1 shows data obtained with 100 ns 7/2 microwave pulses.
5 10 15 20 25 30 Figure 5b shows data obtained with 50 ns 7#/2 microwave
) pulses, which accentuates the strongest coupled ENDOR

Figure 5. '"H ESE-ENDOR of the S,-state multiline signal.
(@) Data obtained with 100 ns 7/2 pulses. (b) Data obtained
with 50 ns 7/2 pulses. The solid lines represent experimental
data. The dotted lines display the simulation using the 'H
parameters of table 1.

data of figure 4c¢,d are all plotted with the same amplitude
at the initial 7=0 point. Note in the frequency domain
that both the fundamental and the out-of-phase harmonic
peaks increase dramatically in amplitude with increasing
Ag;p values. The modulation amplitude damps out more
quickly as Ag;, increases, which is reflected in the wider
Fourier transforms. Also, one can observe the frequency
shifting of the harmonic peak with increased Ay, as
described above.

3. SIMULATIONS OF S,-STATE ESEEM AND
ESE-ENDOR SPECTRA

As discussed in §1, we have used both 'H ESE-
ENDOR and ?H ESEEM to examine the proximity of
exchangeable hydrogens in the immediate vicinity of the
Mn cluster. ‘BBY’ PSll-enriched spinach membranes
(Berthold ez al. 1981) were used. Pulsed EPR experiments
were performed both before illumination (background)
and after 200 K illumination to generate the S, state.
Preparation and sample treatment details are provided in
Gilchrist (1996) and will be published elsewhere. The
focus of this paper is on the simultaneous simulation of
datasets obtained with the two complementary pulsed
EPR methods.
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features. Background spectra obtained before illumination
(not shown) exhibit none of the structured 'H ESE-
ENDOR features. These are produced upon illumination,
and can thus be associated with the S, state. Additionally,
these all disappear following 60 min 2H,O incubation
(data not shown). The same ?H,O incubation gives rise
to deep 2H modulations in two- and three-pulse ESEEM
experiments (figure 6a,b). The time-domain traces dis-
played are derived from light—dark subtracted datasets for
both deuterated and natural abundance buffers. The nor-
malized deuterated dataset is point-by-point divided by
the natural abundance dataset to generate a ‘ratioed’ time-
domain spectrum emphasizing the effects of the *H,O
exchange. Frequency-domain spectra (figure 6c¢,d) are
obtained via Fourier transformation.

Given these complementary datasets, the challenge is to
simulate these with identical sets of hyperfine matrices.
We have done this quite successfully. The dotted lines in
figure 5 show a '"H ESE-ENDOR simulation using three
classes of coupled protons. This same set of coupled
hydrogen nuclei gives excellent two- and three-pulse
(figure 6, dotted lines) 2H ESEEM simulations. Simul-
ation parameters are provided in table 1. The dipolar
couplings are reported both in frequency units and in
terms of effective point-dipolar distances. The first col-
umn reports the number of nuclei in the class. This num-
ber originates from the quantitative aspect of ESEEM
simulation. The ESEEM simulation also employs a num-
ber of ‘ambient’ distant (=4 A) deuterons which contrib-
ute to the 2H modulation. These 2H ESEEM simulations
are able to reproduce the very deep modulation and the
rapid modulation damping for both the two- and three-
pulse cases. In the two-pulse ESEEM simulation, the pro-
per amplitude and phasing of the out-of-phase harmonic
term is also reproduced well. This term does not contrib-
ute to the three-pulse ESEEM patterns.

4. DISCUSSION

The combination of 'H ESE-ENDOR and 2H ESEEM
allows us to describe several classes of exchangeable
hydrogens in close proximity to the S,-state Mn cluster.
In a point dipole approximation, the closest of these
hydrogen nuclei are at distances on the order of 2.6-2.7 A,
which would be consistent with water or hydroxide lig-
ation to Mn. We are working on using multipoint dipole
modelling (Force et al. 1998), with distributed spin den-
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Figure 6. (a,b) 2H (a) two-pulse and (b) three-pulse ESEEM of the S,-state multiline signal. Solid lines display the
experimental time-domain data resulting from ratioing light—dark datasets for deuterated and proteated buffer samples. The
dotted lines show simulations using the ?H parameters of table 1. (¢,d) Data and simulations from the frequency domain with
(¢) two-pulse and (d) three-pulse ESEEM. Solid lines display the experimental data and dotted lines the stimulated data.

sities on structural model for the Mn cluster as determined
by our >>Mn ENDOR experiments (Peloquin ez al. 2000),
to more rigorously model the distances probed by the
dipolar couplings. However, we tentatively assign these
short-distance exchangeable hydrogens to water(s) or
hydroxide(s) bound at the Mn cluster of the OEC. The
strong hyperfine interactions that give rise to these assign-
ments were not observed in previous continuous wave
ENDOR experiments (Kawamori et al. 1989; Tang ez al.
1993; Fiege et al. 1996), probably because of the large
breadth of the resultant ENDOR powder patterns. These
data and their simulations together support a model of a
‘wet’ environment for the S,-state Mn cluster, with sub-
strate water derived ligands already bound by S,.

One interesting substrate water binding possibility arises
from an examination of the hyperfine couplings in table
1. The class described in the first row, with the largest
dipolar coupling and the shortest dipolar distance
(2.59 A), also has an appreciable isotropic hyperfine coup-
ling (3.58 MHz), which is consistent with it corresponding
to a direct ligand to a paramagnetic Mn ion (Randall ez
al. 1997). However, the class described in the second row,
with a 2.71 A dipolar distance, is simulated with only a
dipolar coupling. It is not obvious how water or hydroxide

Phil. Trans. R. Soc. Lond. B (2002)

ligand bound directly to a paramagnetic Mn ion could
have zero isotropic hyperfine coupling. However, recent
mechanistic models for O-O bond formation have utilized
the required Ca?* cofactor as the metal binding site for
the second substrate water (Pecoraro et al. 1998; Limburg
et al. 1999; Vrettos et al. 2001). Perhaps such a structural
geometry gives rise to hydrogens positioned close to the
Mn cluster but with very small isotropic coupling.

We acknowledge the National Institutes of Health (GM48242)
for support of this research. Pulsed EPR data were provided
by M. L. Gilchrist, D. W. Randall, D. A. Force, J. A. Ball and
J. M. Peloquin.
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Discussion

C. Zhang (Department of Biochemistry, Lund University,
Lund, Sweden). If the alcohol binds to the Mn cluster and
replaces water, why does it not affect oxygen evolution?

R. D. Britt. It is rather amazing, you can take the meth-
anol concentration up to of the order of 30% and still get
good O, evolution. I think the point is that in these
ESEEM experiments we are probing the S, state, and the
ligation can change by S, when O, is produced. There are
two limiting cases: (i) by S,, with additional Mn cluster
oxidation, the equilibrium now favours water binding at
the site where the alcohol binds at S,; or (ii) alcohol and
water are in fast exchange at this site, and the exchange
rate exceeds ca. 1 kHz rate for O, production at S,.

C. Dismukes (Department of Chemistry, Princeton Univer-
sity, Princeton, N, USA). Have you reconciled the model
for water binding with the kinetics of water exchange mea-
sured by Tom Wydrzynski (Photobioenergetics, Research
School of Biological Sciences, The Australian National Uni-
versity, Canberra, Australia) using mass spectrometry? He
found a slow S, equivalent to one-hundredth of the water
exchange rate for the S, state.

R. D. Britt. Professor Dismukes raises an important
point, that spectroscopic measurements need to be care-
fully correlated with the mass spectrometry results. We are
leaning towards a model where one substrate binds to the
Mn cluster and another ligates to the proximal calcium.
That would tend to predict that one site-specific compari-
son would show a stronger Mn oxidation state depen-
dence than the other. To make the specific comparison of
S, and S,, we would need to be able to get ESEEM or
ENDOR on the integer spin S, state, which we have not
done to date.

P. Fromme (Max-Volmer-Laboratorium fiir Chemie und
Biochemie, Technische Universitit, Berlin, Germany). Meth-
anol changes the properties of SO, inducing a multiline
signal. Has anybody used EXAFS to investigate changes
in the Mn—Ca and Mn—Mn distances upon alcohol bind-
ing?

R. D. Britt. Interesting question. I am not sure if a
detailed EXAFS comparison of alcohol versus no alcohol
has been done. Dr Yachandra would know.

G. W. Brudvig (Department of Chemistry, Yale University,
New Haven, CT, USA). How many protons are associated
with the water assigned as a ligand to calcium? Studies
with deuterium gave a value of 2, but you have a hydrox-
ide in your model.

R. D. Britt. I would say at this point that the ESEEM
could accommodate either one or two. With the current
simulations, if two, the second would have to be more
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distant from the Mn cluster than the first, but there is no
problem with that being the case.

M. W. C. Evans (Department of Biology, University Col-
lege London, London, UK). Are your ENDOR spectra the
same across their width, since you may be detecting sites
other than Mn?

R. D. Britt. We have not seen such effects. We are care-
ful to do good light-dark subtractions to null out other
signals. At 4.2 K or higher, we do not see interference
from the Fe—Q, signal because it has a very short phase
memory (T,).
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GLOSSARY

CW: continuous wave

ENDOR: electron nuclear double resonance
EPR: electron paramagnetic resonance

ESE: electron spin echo

ESEEM: electron spin echo envelope modulation
OEC: oxygen-evolving complex

PSII: photosystem II

RF: radiofrequency



