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ABSTRACT: The phylloquinones of photosystem I (PS I), A;,
and A, exist in near-equivalent protein environments but possess
distinct thermodynamic and kinetic properties. Although the
determinants responsible for the different properties of the phyllo-
quinones are not completely understood, the strength and geome-
try of hydrogen bond interactions are significant factors in tuning
and control of function. This study focuses on characterizing the
hydrogen-bonding interactions of the phylloquinone acceptor, A 4,
by 'H and "*N HYSCORE spectroscopy. Photoaccumulation of PS
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I complexes at pH 8.0 results in the trapping of the phyllosemiquinone anion, A;s ", on the A-branch of cofactors. The experiments
described here indicate that A; .~ forms a single H-bond. Using a simple point dipole approximation, we estimate its length to be 1.6
+ 0.1 A. The value of the 'H isotropic hyperfine coupling constant suggests that the H-bond has significant out-of-plane character.
The "*N HYSCORE spectroscopy experiments support the assignment of a H-bond wherein, the '*N quadrupolar coupling
constant is consistent with a backbone amide nitrogen as the hydrogen bond donor.

he primary purpose behind efforts to obtain more refined

spectroscopic and high-resolution structural data of cofactor
binding sites within photosynthetic reaction center complexes is
to better understand how structural and magnetic properties
relate to biological function. The phylloquinones in the A; 4 and
Ap sites of photosystem I (PS I) are difficult to distinguish
because they exist in near-equivalent protein environments.
Nevertheless, advances in time-resolved optical spectroscopy
and electron paramagnetic resonance (EPR) spectroscopy,
combined with site-directed mutagenesis, have enabled the
distinction between the A;, and A, phylloquinones. The elec-
tron transfer properties of the two phylloquinones are distinct;
the A4~ phyllosemiquinone transfers the electron to Fy in
~200 ns while A;5~ transfers the electron to Fy in ~20 ns.'
While the electron transfer from A; " is strongly activated and
slows down as the temperature is lowered, electron transfer from
Ay~ is temperature independent.z’3 The current model that
explains these observations posits that electron transfer on the
A-branch of PS I is thermodynamically uphill while electron
transfer on the B-branch is thermodynamically downbhill, imply-
ing that A,  is more oxidizing than A;p. This model is supported
by computational studies, which indicate that A;p is 155—
173 mV more reducing than A" These observations beg

the obvious question as to why two chemically identical mol-
ecules possess such diverse electron transfer properties. Although
it is expected that the protein environment plays a major role in
modulating the redox properties of the quinones, the determi-
nants that cause this large difference between the A}, and A;p
phylloquinone acceptors of PS I are incompletely understood.
Based on the 2.5 A resolution X-ray crystal structure of PS I
(PDB ID: 1JB0),° two important interactions between the A- and
B-branch phylloquinones and the protein environment can be
identified, namely, a sr-stacking interaction with a Trp resi-
due and hydrogen (H) bonding with a Leu residue (Figure 1).
The single H-bond formed between the C, carbonyl keto oxygen
atoms of the phylloquinone molecule and the backbone amide
peptide group of a Leu residue plays a key role in maintaining the
functional integrity of the binding pocket.” However, the X-ray
crystal structure of PS I° details the molecular interactions of the
Aja and A;p acceptors only in the neutral state. These interac-
tions could be significantly different in the reduced semiquinone
states, A;4  and A;p . Hence, it is important to conduct electron
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Figure 1. A-branch phylloquinone binding pocket showing the
H-bonded L722p,,4 and the 7z-stacked W697pg, 4 residues. The quinone
headgroup has been numbered to facilitate identification of the ring
carbons.

paramagnetic resonance (EPR) spectroscopy studies to directly
probe the strength and geometry of the H-bonds in their state.

The electron—nuclear hyperfine interactions of the reduced
phyllosemiquinone with the proton nuclei of the surrounding
protein matrix have previously been probed by electron nuclear
double resonance (ENDOR) spectroscopy. The chemical reduc-
tion of PS I with sodium hydrosulfite at pH 8.0, followed by brief
illumination at 205 K, was shown to fully reduce F,/Fy, partly
reduce Fy, and somewhat reduce A,.% Longer periods of illumi-
nation resulted in the complete reduction of Fy, ultimately
generating one spin from “A;"” per Pq in PS 1.8 Under these
conditions, ENDOR studies have revealed the presence of a
proton hyperfine interaction of the phyllosemiquinone with an
isotropic hyperfine interaction, a;s,, of 10.3 and 10.2 MHz in PS I
complexes from Anabena variabilis and spinach, respectively.” In
each case, the observed isotropic hyperfine interaction has been
assigned to the methyl (—CH,) group at the C, position of the
phyllosemiquinone state, A; . These values of ay, for the
hyperfine interaction to the methyl (—CHj;) group of the
phyllosemiquinone of PS I are significantly higher than the a;,
value of 7.9 MHz that has been observed for the phyllosemiquinone
anion radical in vitro (in alkaline methanol).” The larger isotropic
hyperfine coupling constants that are observed for the PS I-bound
phyllosemiquinone have been attributed to the presence of an
unusually high electron spin density at the C, position.

The ENDOR study” also reported additional hyperfine cou-
plings arising from protons that were H-bonded to the semi-
quinone. The findings suggested that the quinone might form
two H-bonds, one with each carbonyl keto oxygen atom. The
values for a;, that were reported for the two H-bonds in A.
variabilis and spinach were 1.13, 0.60 and 1.00, 0.47, respectively.
The ENDOR studies conducted on PS I isolated from Chlamy-
domonas reinhardtii under different photoaccumulation condi-
tions had indentified a similar H-bonding pattern to both A;~
and A, "% However, these findings have been questioned on
theoretical grounds.12 The observed difference in the a;, values
and hence the relative strengths of the H-bond obtained from
ENDOR spectroscopy do not sufficiently account for the high
electron spin density at the C, position that results in larger
isotropic hyperfine coupling constants that are observed for the

methyl group. Furthermore, it should be noted that the detection
of a second H-bond by ENDOR spectroscopy is not supported
by transient EPR spectroscopy studies on selectively '*C-labeled
naphthoquinones, which suggest only a single H-bond to the
Aja~ semiquinone.">'* Additional evidence for the presence of a
single H-bond to the semiquinone, A, has been obtained from
pulsed EPR, ENDOR, and TRIPLE studies performed at Q-band
(34 GHz), which is better suited to study semiquinone
radicals.">'® By the incorporation of deuterated phylloquinones
in a background of protonated PS I, the hyperfine coupling
tensor associated with only a single H-bond could be identified."
The magnitude of the measured dipolar tensor corresponds to an
unusually short H-bond, estimated to be 1.5 & 0.1 A using a
point-dipole approximation. These studies suggest that the
resonance attributed to a second H-bond to A, in the X-band
ENDOR studies” '' may have been derived instead from a
proton associated with Ay . Thus, there is the need for unambig-
uous assignment of the strength and geometry of the H-bond(s)
of the phyllosemiquinone(s) of PS L

In this study, we use hyperfine sublevel correlation (HYSCORE)
spectroscopy, a two-dimensional (2D) pulsed EPR spectroscopy
technique, to probe the H-bonds to the phyllosemiquinone
anion(s) of PS I. HYSCORE spectroscopy is a 2D electron
spin-echo envelope modulation (ESEEM) technique in which
the electron—nuclear hyperfine and quadrupole interactions of
an electron spin (e.g., phyllosemiquinone, electron spin S = 1/2)
with nuclear spins (e.g,, "H and "*N nuclei, nuclear spin I = 1/2
and 1, respectively) of the surrounding protein matrix are
detected in 2D frequency space. The observation of the electron—
nuclear magnetic interaction in 2D frequency space renders
HYSCORE spectroscopy a powerful tool for high-resolution
structure determination of paramagnetic systems. 2D 'Hand "*N
HYSCORE spectroscopy greatly enhances spectral resolution
since the addition of a second dimension enables the detection of
the hyperfine interactions in a much larger frequency space.
Furthermore, in the case of a semiquinone anion, the nuclear
frequencies are correlated in the two dimensions of the 2D 'H
and "*N HYSCORE experiments, which simplify the analysis and
the assignment of the hyperfine interactions. This allows for the
unambiguous interpretation of the experimental spectra. While
ENDOR spectroscopy is best suited to determine hyperfine
interactions with directly bonded nuclei such as methyl protons,
it provides an inaccurate estimate of highly anisotropic hyperfine
couplings to H-bonded nuclei. This is because the latter are often
masked by the hyperfine couplings with strongly interacting
directly bonded intrinsic nuclei. The weak interactions which are
masked in one-dimensional ENDOR and ESEEM spectroscopy
experiments can often be detected in a 2D HYSCORE experi-
ment due to enhanced spectral resolution.

Here, we report the study of the phyllosemiquinone, A;a
using 'H and "*N HYSCORE spectroscopy. We confirm that
Ay~ forms one nonplanar H-bond with an a;,, of —0.27 MHz,
which corresponds to a bond length of 1.6 & 0.1 A as estimated
from a simple point-dipole approximation. Furthermore, we
establish the identity of the H-bond by demonstrating that the
H-bonding partner is a backbone amide group and obtain
hyperfine and quadrupolar coupling constants for the backbone
amide nitrogen atom. Thus, we demonstrate that 2D 'Hand N
HYSCORE spectroscopy can be used to obtain high-resolution
structural parameters for the H-bonds of the phyllosemiquinone
state of PS L.
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Bl MATERIALS AND METHODS

Preparation of PS | Complexes. The growth of Synechocystis
sp. PCC 6803 wild-type cells and isolation of PS I complexes
were performed as described in ref 17.

Generation of the A;,~ Phyllosemiquinone State of PS I.
The sample was incubated with 50 mM sodium dithionite under
anaerobic conditions for 30 min to reduce the [4Fe—4S] clusters
of PS I followed by illumination at low light intensities at 205 K
for 10 min to photoaccumulate the A;,~ phyllosemiquinone.*""

Generation of the P;o, " State of PS I. The PS I sample was
incubated with S mM potassium ferricyanide to chemically
oxidize the primary donor and generate the Pogo ' cation.'®

2D "H and "N HYSCORE Spectroscopy. For the 2D HY-
SCORE spectra reported here, the pulsed echo amplitude was
measured using the pulse sequence (7/2—T—m/2—t—m—
t,—m/2—echo) with a T delay of 136 ns and a 12 ns detector
gate (that is, centered at the maximum of the echo signal); the
delays are defined as the differences in the starting point of the
pulses. The echo intensity was measured as a function of t; and £,
where #; and t, were incremented in steps of 16 ns from their
initial values of 32 and 40 ns, respectively. The static magnetic
field value and the microwave frequency were 345.7 mT and
9.707 GHz, respectively. A /2 pulse of 8 ns and an equal
amplitude, 16 ns 77 pulse were used to record a 384 x 384 matrix.
The 8 ns time difference between the initial values of t; and ¢, and
7r/2 and 7 pulses were set to obtain more symmetric spectra. The
application of a 16-step phase cycling procedure was used to
eliminate the unwanted echoes and anti-echoes. The echo decay
was eliminated by a low-order polynomial baseline correction
and tapered with a Hamming function. Prior to 2D Fourier
transformation, the data was zero-filled to a 2048 x 2048 matrix,
and the magnitude spectra were calculated using the Bruker
X-EPR software (Bruker BioSpin Corp., Billerica, MA). The
spectra are presented as contour plots that were prepared in
Matlab R2008a. All HYSCORE experiments were performed
at 30 K.

Analysis of the 2D 'H HYSCORE Spectra. The anisotropic
(T) and isotropic (aj,) component of the hyperfine interaction
of the semiquinone with a H-bonded proton are obtained by
analyzing the data as previously described.'”*® In general, the
three principal components of an electron—nuclear hyperfine
tensor can be presented as (a;,,— T(1 — 0), aio — T(1 + ), and
aiso + 2T), where a,, T, and O are the isotropic, dipolar, and
rhombic components of the tensor, respectively. When these are
plotted in squared-frequency coordinates, in the case of axial
symmetry (0 = 0) in powder samples, the proton ridges
represent straight line segments.** The anisotropic and isotropic
components can be determined from the slope and the intercept
of the ridges.20 If the slope, Qu(g), and the intercept, G (g), are
determined experimentally, the values of a;, and T can be
calculated from following equations: "’

1G 4v2
T==%,|7—1Gup +M
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1+ T
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1= Qup 2

In principle, linear analysis provides several possible pairs of
proton hyperfine parameters. Since 2D HYSCORE is only
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Figure 2. Electron spin-echo EPR spectrum of PS I trimers photo-
accumulated at pH 8.0. The magnetic field position at which the 2D
HYSCORE spectroscopy measurements were performed is indicated by
an arrow.

sensitive to the relative sign of the hyperfine components, it
yields two possible options for the absolute sign. In addition, the
slope and the intercept remain unchanged if the value of the
parallel and perpendicular components of g, are interchanged
and therefore provides two possible values for a;,. The correct
pair of hyperfine parameters can be selected if there is a literature
reference as in the case of the methyl protons.*' For the hydrogen
bond, the multiple options can be easily resolved since in this case
the hyperfine interaction is predominantly dipolar in nature and
must result in nearly an axial point-dipole tensor with a positive
value of T. Additional sug)port is obtained from the numerical
simulations of the 2D "H HYSCORE spectrum using the
“saffron” function of the EasySpin software package.*”

Numerical Simulations of 2D "*N HYSCORE Spectra. The
“saffron” function of the EasySpin software package was used for
the numerical simulation of the experimental "*N and 'H HY-
SCORE spectrum.”

B RESULTS AND DISCUSSION

Figure 2 depicts the electron spin-echo EPR spectrum of PS I
trimers (pH 8.0) photoaccumulated under low light intensity at
205 K. The EPR signal at g ~ 2.0055 with a spectral width of 1.4
mT is indicative of the presence of a phyllosemiquinone anion. It
has previously been shown that under the photoaccumulation
conditions employed here only the A;,~ semiquinone state is
generated.®'! The magnetic field value of 345.7 mT that
corresponds to the maximum intensity of the EPR signal (as
indicated by an arrow in Figure 2) was chosen to conduct subse-
quent 2D HYSCORE spectroscopy on the phyllosemiquinone.

Shown in Figure 3 is the (+,+) quadrant of the 2D 'H
HYSCORE spectrum of the phyllosemiquinone anion, A, ,
photoaccumulated at pH 8.0. The diagonal of the quadrant and
the antidiagonal that intersects the diagonal at the 'H Zeeman
frequency of 14.7 MHz are also shown in Figure 3. The spectrum
displays two symmetric pairs of extended cross-peaks (or ridges)
located in the vicinit?r of the 'H Zeeman frequency. The pairs of
ridges in the 2D "H HYSCORE spectrum arise from the
electron—nuclear hyperfine interactions of A;,~ (electron spin
S = 1/2) with neighboring "H nuclei (nuclear spin I = 1/2) in the
binding pocket. The pair of ridges that is closest to the anti-
diagonal is attributed to hyperfine interactions arising from the
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Figure 3. The (-+,+) quadrant of the experimental 2D '"H HYSCORE
spectrum of PS I photoaccumulated at pH 8. Also shown are the diagonal
and the antidiagonal of the quadrant, which intersects with the diagonal
at the "H Zeeman frequency of 14.7 MHz.

protons that are intrinsic to the phylloquinone, such as the ring
protons and f-methylene protons of the phytyl tail. The spec-
trum also displays an additional pair of ridges that is shifted
farther from the diagonal (Figure 1S, Supporting Information).
This pair of ridges is attributed to the electron—nuclear hyperfine
interaction of the three protons on the methyl group of the
phyllosemiquinone anion. Analysis (not shown) of the cross-
peaks provide an a;, value of 9.94 £ 0.2 MHz and a T value of
1.33 &£ 0.2 MHz for the methyl protons. These assignments are
in excellent agreement with llnreviously published literature.'®

More importantly, the 2D "H HYSCORE spectrum in Figure 3
displays a pair of pronounced ridges (labeled as H-bond I) that
are significantly shifted from the antidiagonal. Each ridge extends
on both sides of the diagonal such that a small tail of the same
ridge is observed in partial overlap with the ridges corresponding
to the intrinsic protons (Figure 3). The separation of each ridge
such that it extends on either side of the diagonal is due to
presence of a “blind spot” at the proton Zeeman frequency. The
shift of the ridges from the antidiagonal is attributed to the highly
anisotropic (orientation-dependent) dipolar nature of the electron—
nuclear hyperfine interaction between A;, and the interacting
proton. This is characteristic of the presence of a through-space
H-bonding interaction. Thus, we assign the ridge H-bond I to the
hyperfine interaction of A;,~ with a H-bonded proton from the
surrounding protein matrix of PS 1> Although the ridges in the
spectrum appear to arise from a single H-bond, the possibility
that two H-bonds of exactly the same strength between the
protein backbone and phylloquinone cannot be ruled out.
However, the presence of two H-bonds of equal strength (and
geometry) is highly unlikely and is not supported by transient
EPR spectroscopy experiments'>'* and theoretical calculations
(see ref 14). Furthermore, the a;,, value of the methyl proton
obtained here (9.94 £ 0.2 MHz) is larger than that obtained by
ENDOR studies of phylloquinone in methanol (7.9 MHz).” This
indicates the presence of significant spin density at the ring
carbon, C,, associated with the methyl group and points to the
presence of an asymmetric H-bonding pattern.

A2D "HHYSCORE spectrum of chemically oxidized PS Iwas
recorded (Figure 2S in the Supporting Information) to ensure
that the hyperfine interactions to the proton nuclei of the P70 "
state do not contribute to 2D 'H HYSCORE spectrum of
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Figure 4. (a) Cross-peaks arising from the proton hyperfine interac-
tions in PS I photoaccumulated at pH 8 plotted in the squared-frequency
coordinate system. (b) A plot of selected points from line shape obtained
in (a). The straight line indicates a linear fit to the experimental data
points for H-bond L

photoaccumulated PS I. As can be seen in Figure 25, the only
spectral features that can be detected in chemically oxidized PS I
containing the Pooo " radical are due to magnetic interactions with
surrounding '*N nuclei. These features are absent in the 2D
HYSCORE spectrum of photoaccumulated PS I (Figure 1S in the
Supporting Information), suggesting that A;, is the only species
that is observed in the spectrum depicted in Figure 3 and Figure 18.

The linear analysis of the 2D "H HYSCORE spectrum is
shown in Figure 4. As expected, the cross-peaks straighten out in
the squared-frequency plot (Figure 4a). The points taken from
the middle of the ridges attributed to the H-bond can be fit to a
straight line (Figure 4b) with slope and intercept of —1.12 and
476.91 MHz>. Values of a;,, and T were calculated as —0.27 =+
0.1 MHz and 3.93 £ 0.07 MHz, respectively (Tablel). The
numerical simulation using these parameters accurately repro-
duces the experimental 2D 'H HYSCORE spectrum (Figure 5a)
as demonstrated in the corresponding simulated spectrum in
Figure 5b. Assuming a spin density of 0.2 on the carbonyl oxygen
of the Aj,~ semiquinone'* and using a point-dipole approxima-
tion for the electron—nuclear dipolar interaction, the distance
between the carbonyl group of the A;5~ and the H-bonded
proton is roughly estimated to be 1.6 = 0.1 A. This is in excellent
agreement with the H-bond length of 1.56 A estimated based on
density function theory (DFT) calculations and optimization of
H-bond geometry within the binding pocket.”® It should be
noted that the H-bond length measured here differs from that
estimated from the X-ray crystal structure (1.75 A).%** This
might be due to the structural modifications that occur due to the
reduction of the quinone to its anionic state.

On the basis of the g, value obtained from the linear analysis
(and confirmed by the numerical simulation) of the 2D 'H
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Table 1. Hyperfine Coupling Parameters Obtained from the Analysis of the 2D "*N and '"H HYSCORE Spectra

ridge T (MHz) aio (MHz)
methyl protons 133 £ 0.2 9.94 £02
H-bond I 3.93 £0.07 —027 £ 0.1
peptide nitrogen 0.15-0.19 0.75—1.2

Ay, Al (MHz) K (MHz) "
8.61 402, 12.61 £ 0.2
—420+0.1,7.59 + 0.1
0.64—0.72 0.5—1
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Figure S. The (+,4) quadrant of the (a) experimental and (b)
simulated 2D "H HYSCORE spectrum of PS I photoaccumulated at
pH 8. In order to highlight the ridges arising from the H-bonded proton,
the simulation solely depicts this interaction.

HYSCORE spectrum, inferences can be drawn about the geo-
metry of H-bonds to A;,. The hyperfine interactions of semi-
quinone anions in protic and aprotic solvents have previously
been characterized by ENDOR and 2D HYSCORE spectro-
scopy.”>*” In a protic solvent, the H-bond formed in vitro
between the carbonyl oxygen atom of an unsubstituted semi-
quinone, and the solvent is in-plane with the 7-orbitals of the
carbonyl keto oxygen atom. In this case, the hyperfine interaction
is purely anisotropic in nature with negligible isotropic hyperfine
coupling constants. In the case of a semiquinone with substitu-
ents on the carbon atom adjacent to the carbonyl groups, as is the
case for the A} 5 phylloquinone, there exists the possibility that an
out-of-plane H-bond could be formed.”® With the increasing
nonplanarity, spin density is partially transferred from p-orbital
of the carbonyl keto oxygen of the semiquinone radical to the
p-orbital of the H-bonding partner.”® The exchange interaction
between the H-bonded partners leads to negative spin density at
the corresponding H-bonded hydrogen nucleus, resulting in
negative isotropic hyperfine coupling. Thus, on the basis of the
negative aj,, value of H-bond observed in this study, we conclude
that H-bond I is nonplanar.*® This is consistent with the X-ray
crystal structure that depicts the H-bond is at an angle of ~33°
with respect to the quinone plane.** A similar nonplanarity is also
suggested by DFT calculations.”
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Figure 6. The (+,4) quadrant of the (a) experimental and (b) simulated
2D "N HYSCORE spectrum of PS I photoaccumulated at pH 8.

In this study, 2D "*N HYSCORE spectroscopy was performed
to assign the putative H-bond donor of the semiquinone anion
state of PS I at pH 8.0. Figure 6a depicts the (+, +) quadrant of
the 2D "*N HYSCORE spectrum of PS I photoaccumulated at
pH 8.0. A pair of symmetric ridges are observed in the 2D "N
HYSCORE spectrum in Figure 6a with signal intensity at (2.76,
4.06) MHz and (4.06, 2.76) MHz, respectively, and correspond
to the double quantum transitions of a '"*N nucleus that is in
magnetic interaction with the A;,~ semiquinone. (These ridges
are observed as two intense peaks in the skyline plot (Figure 38,
Supporting Information).) Theoretically, the ridges from the
double quantum transitions of a noninteracting nucleus are
located on the diagonal at twice the '*N Zeeman frequency
(2v; = 2.127 MHz). In the 2D "N HYSCORE spectrum in
Figure 6a, the observed spectral shifts along the diagonal and the
antidiagonal are due to the nuclear quadrupole and electron—
nuclear hyperfine interactions, respectively. The values of a;,, T,
the nuclear quadrupole coupling constant, K, and the asymmetry
parameter of the electric field gradient, 77, were obtained from
comparison of the experimental and simulated (Figure 6b)
spectra (Table 1).

The "N quadrupolar coupling parameters obtained in this
study are in agreement with those reported for a peptide nitrogen
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of polyglycine, K = 0.77 and 57 = 0.76.° This suggests that the
ridges observed in the 2D "N HYSCORE spectrum in Figure 6a
could arise from the peptide nitrogen. The large value of aj,
indicates the presence of significant electron spin density on the
nitrogen atom. This requires partial overlap with the electron
wave function of the phyllosemiquinone and strongly suggests
the presence of a H-bonding interaction between the semiqui-
none anion and the nitrogen atom. This confirms the assignment
of the anisotropic dipolar interaction from the H-bonded proton
in the 2D '"H HYSCORE spectrum.

It is important to note that the X-ray crystal structure of PS I°
shows the presence of two nitrogen atoms in the vicinity of A
that could interact with the semiquinone anion: the indole
nitrogen atom of W697p,,4 and the peptide amide nitrogen
atom of L722p,4. The K and 7 values obtained from the spectral
simulations in the present study do not support the assignment of
the ridges in the 2D "*N HYSCORE spectrum as arising from the
indole nitrogen atom of a Trp residue, K = 0.75 and 7 = 0.18.%°
Although the presence of a s-stacking interaction with the
phyllosemiquinone could affect the quadrupole coupling para-
meters, such a strong change of the asymmetry parameter 7 (as
observed here) would require a significant perturbation of the
electronic structure of the Trp residue. This precludes the assign-
ment of the ridges in Figure 6 to electron—nuclear hyperfine
interaction of A;, with the indole nitrogen atom of the Trp
residue. Thus, we assign the '*N coupling observed here to the
backbone nitrogen of L722 of the PsaA subunit of PS L

Previous studies®’ using 1D electron spin-echo envelope
modulation (ESEEM) spectroscopy study suggested magnetic
interactions of the phyllosemiquinone radical with two nitrogen
nuclei in the surrounding protein matrix: a strongly coupled
indole nitrogen of a Trp residue and a weakly coupled amino
nitrogen of a His residue. The difference in the assignments could
be due to the limited resolution that is afforded by 1D ESEEM
spectroscopy. The application of 2D HYSCORE spectroscopy
provides enhanced resolution that allows for unambiguous
assignment of the interacting "*N nuclei.

The unambiguous determination of the number and strength
of the H-bonds between the protein matrix and the phyllosemi-
quinone has profound implications on understanding the func-
tional traits of this cofactor in PS L It has been suggested that a
H-bond could contribute as little as +350 mV* to as much as
+250 mV*” to the midpoint potential of the phyllosemiquinone/
phylloquinone pair. This is counterproductive in a binding
pocket that is primarily designed to maintain the quinone at a
reducing midpoint potential. Recently, an alternative role for the
H-bond has been suggested.” The H-bond is proposed to tie up
the carbonyl group of the quinone and prevent double reduc-
tion/protonation of the quinone that would render it incapable
of participating in electron transfer. The quinones in the Q, site
of the purple bacterial reaction center (pbrc) and in photosystem
I are comparatively more oxidizing than the quinone in PS I and
form two H-bonds. Apart from a H-bond of similar planarity and
length formed between the quinone and the protein backbone in
the Q4 site of the pbrc, the quinone also forms a second, strong
H-bond with an amino side chain (His M219)."* The presence of
a second, strong H-bond (along with other contributing factors
such as polarity of the binding pocket, electrostatic interaction,
etc.) serves to maintain the quinone in the Q4 site at a
significantly more oxidizing potential than in PS I. Therefore, it
is clear that the H-bond plays a key role in the quinone binding
pocket.

B CONCLUSIONS

In this study we have demonstrated that A;,~ phyllosemiqui-
none in photoaccumulated PS I forms a single, nonplanar
H-bond, and we have shown that HYSCORE spectroscopy can
be used to probe its semiquinone anionic state. This technique
offers the ability to delineate the properties of the H-bond as well
as identify any structural differences that may arise as a result of
reduction of the quinone without the spectral congestion that is
often associated with similar spectroscopic techniques.

B ASSOCIATED CONTENT

© Supporting Information. 2D HYSCORE spectra dis-
playing the (+,4+) and (—,4) quadrants of the A;,  and
chemically oxidized P,qo " state and a skyline plot of the cross-
peaks obtained in the 2D HYSCORE spectrum of PS I photo-
accumulated at pH 8.0. This material is available free of charge via
the Internet at http://pubs.acs.org.
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