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ABSTRACT: Quinones are naturally occurring isoprenoids that are widely exploited by photosynthetic reaction
centers. Protein interactions modify the properties of quinones such that similar quinone species can perform
diverse functions in reaction centers. Both type I and type II (oxygenic and nonoxygenic, respectively) reaction
centers contain quinone cofactors that serve very different functions as the redox potential of similar quinones
can operate at up to 800 mV lower reduction potential when present in type I reaction centers. However, the
factors that determine quinone function in energy transduction remain unclear. It is thought that the location
of the quinone cofactor, the geometry of its binding site, and the “smart” matrix effects from the surrounding
protein environment greatly influence the functional properties of quinones. Photosystem II offers a unique
system for the investigation of the factors that influence quinone function in energy transduction. It contains
identical plastoquinones in the primary and secondary quinone acceptor sites, QA and QB, which exhibit very
different functional properties. This study is focused on elucidating the tuning and control of the primary
semiquinone state, QA

-, of photosystem II. We utilize high-resolution two-dimensional hyperfine sublevel
correlation spectroscopy to directly probe the strength and orientation of the hydrogen bonds of theQA

- state
with the surrounding protein environment of photosystem II. We observe two asymmetric hydrogen bonding
interactions of reduced QA

- in which the strength of each hydrogen bond is affected by the relative
nonplanarity of the bond. This study confirms the importance of hydrogen bonds in the redox tuning of the
primary semiquinone state of photosystem II.

Quinones display enormous versatility of function in photo-
synthetic reaction centers (RCs) (1). It is known that both type I
and type II RCs contain quinones that serve very different func-
tions, as the redox potential of similar quinones can operate at up
to 800 mV lower (more negative) reduction potential when
present in type I RCs (1). Photosystem II (PSII) and photosystem
I (PSI) are key examples of type II and type I RCs, respectively,
and these systems provide appropriate platforms for investiga-
tion of the determinants of quinone function in photosynthetic
proteins. PSII contains identical plastoquinone molecules in the
primary (QA) and secondary (QB) site that exhibit very different
charge transfer properties; QA is a single-electron acceptor, while
QB is a two-electron, two-proton acceptor that undergoes pro-
ton-coupled electron transfer reactions (2-4). It is thought that
the structural differences in the binding site of QA and QB of PSII
lead to the different functional roles of the primary and secondary
quinone cofactors.

The recentX-ray crystal structures of PSII provide a glimpse of
the interactions of the primary and secondary quinone cofactors
with the surrounding protein environment (2, 3, 5, 6). For example,
in the 3.0 Å resolution X-ray crystal structure of PSII, the quinone
ring of QA is sandwiched between hydrophobic Trp and Leu

residues and the keto oxygen atoms of the quinone are thought to
be hydrogen bonded (H-bonded) to theHis and Phe/Ala residues
of the surrounding protein environment in theD2 polypeptide (5)
(Figure 5A). QB is pseudo-C2 symmetric to QA in PSII. The
quinone ring of QB interacts with hydrophobic Phe and Leu
residues, and QB is thought to be H-bonded to the His, Ser, and
Phe residues of the surrounding protein in theD2 polypeptide (5).
In addition, there are headgroups of several lipids in the vicinity
of the QA and QB binding site (5). While interactions with the
hydrophobic residues are consistent in the various X-ray crystal
structures of PSII that have been published to date, there are differ-
ences in the orientation of the ring and the isoprenoid chain ofQA

andQB that could affect the strength of bonding and nonbonding
interactions (7).

It has been suggested that the features that tune and control the
charge transfer properties of QA and QB are (i) π-stacking and
hydrophobic interactions with amino acid side chains or lipid
molecules (2, 5, 8), (ii) hydrogen bonds with neighboring amino
acid residues (9), (iii) the presence of the non-heme Fe(II) center
in the proximity (8), and (iv) the orientation of the isoprenoid tail
of the plastoquinone molecule (7). In particular, it has been
suggested that the presence of a single H-bond could alter the
potential of a quinone acceptor to a more oxidizing (higher or
more positive) value by 100 mV (1). This is because in H-bonds,
charge redistribution occurs between theH-bonded partners such
that electron density is withdrawn from the quinone ring. This
stabilizes the reduced semiquinone state relative to the neutral
quinone, thereby increasing the redox potential (1). Given the
fact that the presence of H-bond(s) to the quinone keto oxygen
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atoms could exert a large influence on the redox and charge transfer
properties, it is important to determine the number, strength, and
geometry of the H-bond(s) to improve our understanding of the
functional tuning of the QA and QB cofactors of PSII.

The X-ray crystal structures of PSII provide information
about the location of the QA and QB cofactors of PSII (2, 3, 5, 6);
however, it is not possible to directly infer the presence of
H-bonds of the quinones in these structures. Further, the X-ray
crystal structures of PSII provide information about the structure
of the quinone and the surrounding protein environment only in
the neutral state. There could be important structural changes in
the quinone-binding pocket upon reduction of the neutral quinone
to the reduced semiquinone state. High-resolution electron
paramagnetic resonance (EPR) spectroscopymethods are uniquely
suited to directly probe the presence of H-bonds in the para-
magnetic semiquinone states, QA

- and QB
-, of PSII. More

specifically, EPR spectroscopy methods that probe the magnetic
interactions of the semiquinone state with surrounding nuclei
(e.g., 1H and 14N) provide valuable information about the
geometric and electronic nature of H-bonds. Previous one-
dimensional (1D) and two-dimensional (2D) 14N electron spin-
echo envelope modulation (ESEEM) and 1H electron nuclear
double resonance (ENDOR) spectroscopy studies of the QA

-

semiquinone have suggested the presence of H-bonds from the
surrounding protein matrix of PSII (9-15). In the 14N ESEEM
spectroscopy studies, the presence of H-bonds was indirectly
inferred from the magnetic interactions of QA

- with an amide
nitrogen atom of the peptide backbone and an amino nitrogen
atom of a His residue. In the 1H ENDOR spectroscopy studies,
the presence of H-bonds was based on comparison of the 1H
hyperfine interaction parameters that were obtained for QA

-

with those of the plastosemiquinone radical in vitro (11). While
1H ENDOR spectroscopy provides an estimate of the char-
acteristics of the H-bonds of QA

-, in these studies it is difficult to
resolve electron-nuclear couplings from more than one proton
because of the severe overlap of spectral features. In addition,
while 1H ENDOR spectroscopy provides an accurate determina-
tion of the hyperfine couplings to the intrinsic protons in the QA

-

state, it is difficult to obtain a quantitative measure of weak
through-space electron-nuclear couplings (e.g., H-bonds) as
these interactions are highly anisotropic or orientation-dependent
in nature.

Here, we utilize 2D 1H hyperfine sublevel correlation
(HYSCORE) spectroscopy to directly detect H-bonds to the
reduced QA

- semiquinone state of PSII and to probe the
strength and orientation of these H-bonds. We observe two
asymmetric hydrogen bonding interactions of QA

- in which
the strength of each hydrogen bond is affected by the relative
nonplanarity of the bond. We unambiguously assign the
identity of the nitrogen atom of each H-bonding partner by
the simultaneous application of 2D 14N HYSCORE spec-
troscopy. In addition, we also study the influence of pH on
the H-bond interactions of the QA

- semiquinone state. The
results described here confirm the importance of H-bonding
interactions in the redox tuning of the primary semiquinone
state of photosystem II.

MATERIALS AND METHODS

Preparation of Photosystem II Membranes from Spinach.
Photosystem II (PSII) membranes were isolated from market
spinach using modifications of previously published procedures
(16). The intact thylakoid membranes that were obtained from

market spinach were resuspended in a buffer containing 20 mM
N-(2-hydroxyethyl)piperazine-N0-2-ethanesulfonic acid (HEPES)
(pH 7.5), 15 mM sodium chloride (NaCl), 4 mM magnesium
chloride (MgCl2), 1 mM sodium 2,20,20 0,20 0 0-(ethane-1,2-diyl-
dinitrilo) tetraacetate (EDTA), and 1 mg/mL bovine serum
albumin (BSA) (pH 7.5). The subchloroplast membranes were
isolated from the thylakoids by incubation with Triton X-100
for 20 min at 4 �C in a buffer containing 15 mM NaCl, 20 mM
2-(N-morpholino)ethanesulfonic acid (MES), 5mMMgCl2, 1mM
EDTA, 1 mg/mL BSA, and one pinch of catalase (pH 6.0). The
subchloroplast membranes were washed repeatedly with the
buffer described above and were resuspended in buffer with
Triton X-100. The resulting PSII membranes were washed twice
with 20mMMES (pH6.0), 15mMNaCl, and 30%ethylene glycol.
The PSIImembraneswere depleted ofmanganese by treatmentwith
hydroxylamine hydrochloride (NH2OH 3HCl) (17) followed by
repeated washes with buffer containing 50 mM MES (pH 6.5),
0.4 M sucrose, 15 mM NaCl, 1 mM calcium chloride (CaCl2),
and 5 mM EDTA (17). The high-spin (electron spin S=2) non-
heme iron center, Fe(II), of the Mn-depleted PSII membranes
was converted to its low-spin (electron spin S = 0) form via
incubation of the Mn-depleted PSII membranes with 350 mM
KCN in a buffer containing 50 mM MES (pH 6.5),
0.4 M sucrose, 10 mM NaCl, and 5 mM MgCl2 (pH 6.5) for
3.5 h at 4 �C (18). TheMn-depleted, CN-treated PSIImembranes
were resuspended in a buffer containing 50 mM glycine, 0.4 M
sucrose, 10 mM NaCl, and 5 mM MgCl2 (pH 9.8) and treated
with sodium dithionite under anaerobic conditions to chemically
reduce the neutral primary quinone, QA, to the reduced semi-
quinone, QA

-, state. This reduction step was also performed in a
buffer containing 50mMMES, 0.4M sucrose, 10mMNaCl, and
5 mMMgCl2 (pH 6.5 and 5.5). The PSII preparations and buffer
exchanges were repeated several times to ensure reproducibility
of the pulsed EPR experiments. The isolation, purification, and
treatment procedures of PSII membranes were performed in the
dark. The Mn-depleted, CN-treated PSII membranes containing
the QA

- semiquinone were used for the 2D 1H and 14N hyperfine
sublevel correlation (HYSCORE) spectroscopy measurements.

In this study,we treat the PSIImembraneswithKCNas it does
not induce structural perturbations in the QA

- binding site.
Previous studies have compared the QA

- state of Zn-substituted
and CN-treated PSII membranes (9, 13, 14). While there was
evidence of structural variations of the QA

- binding site of Zn-
substituted PSII, these variations were not detected in CN-treated
PSII (14). The 14N HYSCORE spectrum of QA

- of CN-treated
PSII is identical to the 14NHYSCORE spectrum ofQA

- of intact
PSII (19).
Two-Dimensional (2D) Hyperfine Sublevel Correlation

(HYSCORE) Spectroscopy. The EPR spectra were recorded
on a custom-built X-band Bruker Elexsys 580 spectrometer. The
pulsed EPRmeasurements were conducted with a dielectric flex-
line probe ER 4118-MD5 (Bruker BioSpin Corp., Billerica, MA)
and a dynamic continuous-flow cryostat CF935, (Oxford Instru-
ments, Oxfordshire, U.K.). All the pulsed EPR spectra were
recorded at 30 K.

A conventional four-pulse HYSCORE sequence was used to
obtain the 14N HYSCORE spectra (20). For the four-pulse
HYSCORE sequence, the echo amplitude was measured with
the (π/2)y-τ-(π/2)y-t1-(π)y-t2-(π/2)y-(echo)x pulse sequence
with a τ delay of 136 ns and a 8 ns detector gate (which is centered
at the maximum of the echo signal); the delays are defined as the
difference in the starting point of the pulses. The echo intensity
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was measured as a function of t1 and t2, where t1 and t2 were
incremented in steps of 24 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 9.708 GHz, respec-
tively. Equal amplitude pulses of 8 ns for π/2 and 16 ns for πwere
used to record a 256 � 256 matrix. The 8 ns time difference
between the initial values of the time delays, t1 and t2, was used to
take into account the difference in length between the π/2 and π
pulses to obtain symmetric spectra. A 16-step phase cycling
procedure was used to eliminate the unwanted echoes and
antiechoes with phases of the pulses in the sequence described
previously (21).

A six-pulse HYSCORE sequence was used to obtain the 1H
HYSCORE spectra (22, 23) as the use of a four-pulse HYSCORE
sequence resulted in (i) strong suppression of the 1H cross-peaks
because of strong signal modulations due to the 14N nuclei and
(ii) the presence of unwanted internuclear combination peaks
that overlap with the 1H cross-peaks. The cross-suppression
effect arises from the fact that the observed HYSCORE signal
is a multiplication product of modulation of both strongly
modulating nuclei, such as 14N, and weakly modulating nuclei,
such as protons (24). In this case, the strongly modulating nuclei
cause partial or complete suppression of signals from weakly
modulating nuclei that are coupled to the same electron spin (24).
Because hyperfine couplings to theprotons are of particular interest
in this study, we use a six-pulse 1H HYSCORE sequence (22) to
alleviate the impact of cross suppression on the presence of the
14N nuclei. Both of the unwanted effects, namely, cross suppres-
sion and internuclear cross-peaks, were absent in all the six-pulse
HYSCOREexperiments, resulting in clearly interpretable proton
spectra. However, a six-pulse HYSCORE experiment has sig-
nificantly decreased sensitivity toward 14N nuclei; therefore, we
use a conventional four-pulse sequence to record the 2D 14N
HYSCORE spectra.

For the acquisition of the 2D HYSCORE spectra using a
six-pulse sequence, the echo amplitude was measured with the
(π/2)y-τ1-(π)y-τ1-(π/2)x-t1-(π)x-t2-(π/2)x-τ2-(π)x-τ2-
(echo)x pulse sequence with a τ1 delay of 48 ns, a τ2 delay of
136 ns, and an 8 ns detector gate (which is centered at the max-
imum of the echo signal); the delays are defined as the difference
in the starting point of the pulses. The echo intensity was mea-
sured as a function of t1 and t2, where t1 and t2 were incremented
in steps of 24 ns from their initial values of 32 and 40 ns, re-
spectively. The static magnetic field was either 345.7 or 345.8mT,
and the microwave frequency was 9.71 GHz. Equal amplitude
pulses of 8 ns for π/2 and 16 ns for π were used to record a
256�256 matrix. The 8 ns time difference between the initial
values of the time delays, t1 and t2, was used to take into
account the difference in length between the π/2 and π pulses
to obtain symmetric spectra. The application of an 8-step
phase cycling procedure (22) was used to eliminate the
unwanted echoes.

For both the 2DHYSCOREspectra recordedusing a four-pulse
sequence and six-pulse sequence, the echo decay was eliminated
by a low-order polynomial baseline correction and taperedwith a
Gaussian function. Prior to the 2D Fourier transformation, the
data was zero filled to a 2048 � 2048 matrix and the magni-
tude spectra were calculated using the Bruker X-EPR software
(Bruker BioSpin Corp.). The spectra are presented as contour
plots that were prepared in Matlab R2008a.
Analysis of the 2D 1H HYSCORE Spectra. The three

principal components of an electron-nuclear hyperfine tensor

can be presented as (Ax,Ay,Az)=(aiso- T(1- δ),aiso- T(1þ δ),
aiso þ 2T), where aiso, T, and δ are the isotropic, dipolar, and
rhombic components of the tensor, respectively. In the case of
axial symmetry (δ=0,Ax=Ay=A^=aiso-T,Az=A )=aisoþ
2T), the proton cross-peaks (which appear as ridges in powder
samples) represent straight line segments when plotted in fre-
quency-squared coordinates (25). In this case, the anisotropic and
isotropic components of the electron-nuclear hyperfine inter-
action can be obtained from the slope and the intercept of the
ridges (26). On the basis of the values of the slope QR(β) and the
intercept GR(β) that are determined experimentally, the values of
aiso and T can be calculated with the following equations (27):

T ¼ (

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16

9½1-QRðβÞ�
GRðβÞ þ

4νI2QRðβÞ
1-QRðβÞ

" #vuut and

aiso ¼ ( 2νI
1þQRðβÞ
1-QRðβÞ

-
T

2
ð1Þ

To obtain QR(β) and GR(β), the frequency-squared coordinates
of the points weremeasured on themedian of a ridge correspond-
ing to the highest signal intensity along the direction of the ridges.
This is appropriate because processes responsible for the line
broadening in the 2D frequency space (e.g., nuclear relaxation,
hyperfine strain, and signal apodization) would not affect the
position of the signal intensity maximum. Similarly, a small
rhombicity, δ, of the hyperfine tensor in the first approximation
does not alter the position of the median of the ridge and thus
would not affect the quality of the analysis. Themeasured coordi-
nateswere fit with the straight line using a least-squares algorithm
that yielded the values of QR(β) and GR(β).

In principle, each pair of QR(β) and GR(β) values results in four
sets of possible hyperfine parameters (see eq 1), where the sign of
T can be positive or negative and for a given value of T, there
are two possible values of aiso. For the intrinsic protons of the
semiquinone radical, the appropriate set of hyperfine values is
assigned by comparison to the literature data of the plastosemi-
quinone anion radical (11) and other benzosemiquinone radi-
cals (27, 28). For the hyperfine values of the H-bonds, the sign
of T was selected as positive because the value of T is mostly
determined by through-space dipolar interactions. The appro-
priate value of aiso can be determined on the basis that the
absolute value of the perpendicular component of the hyperfine
tensor is expected to be much smaller than the value of the
parallel component and aiso would be relatively small in compar-
ison with the value of T (29).

As a final test of the validity of the obtained hyperfine
parameters, numerical simulations of the spectra were performed
using the saffron function of the EasySpin software package (30)
and the numerical simulations were compared with the experi-
mental spectra.

To estimate the errors of the obtained hyperfine parameters,
we measured the admissible variations of values of the slope and
the intercept (QR(β) and GR(β), respectively) by considering various
points in the middle of the ridges, and the variation amplitude of
an obtained hyperfine parameter was taken as its error bar.
Analysis of the 2D 14N HYSCORE Spectra. To obtain

hyperfine parameters of the 14N nuclei, we performed numerical
simulations using the saffron function of the EasySpin software
package (30). The simulated spectra were carefully compared
with the experimental ones tomatch the position of the ridges and
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signal intensity distribution over the different points of the ridges.
All hyperfine tensors were assumed to be rhombic with an
arbitrary orientation with respect to the quadrupole tensors.

RESULTS

The primary semiquinone anion,QA
- (electron spinS=1/2), is

magnetically coupled to a proximal high-spin (electron spin S=
2) Fe(II) center in PSII (31) that results in severe broadening
of the EPR signal of QA

- (32). The QA
- semiquinone can be

magnetically uncoupled from the Fe(II) center by converting it
from the high-spin form (electron spin S = 2) to the low-spin
form (electron spinS=0) by treatmentwithCN- ions (18, 33). In
this study, we treatMn-depleted PSII withCN- ions to uncouple
the QA

- semiquinone from the Fe(II) center. As shown in the
field sweep electron spin echo spectrum and the derivative EPR
line shape in panelsA andBof Figure 1, respectively, this facilitates
the observation of a narrow g∼ 2 EPR signal that is attributed to
the uncoupled QA

- state of Mn-depleted, CN-treated PSII.
We perform 2D 1H and 14N HYSCORE spectroscopy to

probe the magnetic interaction(s) of the paramagnetic QA
- state

of Mn-depleted, CN-treated PSII. Typically, 2D 1H and 14N
HYSCORE spectroscopy measurements yield electron-nuclear
hyperfine (and nuclear quadrupolar) coupling parameters that
provide valuable information about the electronic and geometric
properties of directly bonded nuclei and through-space inter-
actions with nuclei in the vicinity of the electron spin. The hyper-
fine coupling parameters also provide a measure of the distribu-
tion of electron spin density of the paramagnetic species.

The application of 1H and 14NHYSCORE spectroscopy pres-
ents several advantages in comparison to previously published
one-dimensional (1D) electronnuclear double resonance (ENDOR)
and electron spin echo envelope modulation (ESEEM) studies.
2D 1H and 14N HYSCORE spectroscopy dramatically improves
the spectral resolution as the addition of a second dimension
allows the detection of the hyperfine interactions in amuch larger
frequency space. This relieves the spectral crowding and overlap
that is often observed in ENDOR and 1D ESEEM spectra.
In addition, in the case of the electron spin of theQA

- semiquinone
anion (electron spin S=1/2), the nuclear frequencies are correlated
in two dimensions, which significantly simplifies the analysis and
assignment of the hyperfine interactions in a 2D 1H and 14N
HYSCORE experiment. This allows for the unambiguous inter-
pretation of the experimental spectra.

The 2D HYSCORE spectra of the QA
- state in Mn-depleted,

CN-treated PSII shown in Figures 1S and 2S of the Supporting
Information reveal distinct spectral contributions from the 1H

and 14N nuclei that are magnetically interacting with the primary
semiquinone state, QA

-, of PSII. As one can see inFigures 1S and
2S, the electron-nuclear interactions ofQA

-with the 1H and 14N
nuclei give rise to cross-peaks or ridges that are located near the
Zeeman frequency of the corresponding nucleus (νZeeman,

14Ν=
1.06 MHz, and νZeeman,

1H= 14.72 MHz) and symmetric with
respect to the main diagonal.

Shown in Figure 2A is the expanded region of the (þ, þ)
quadrant of the experimental 2D HYSCORE spectrum that
highlights the 1H hyperfine interactions of the QA

- state of Mn-
depleted, CN-treated PSII at pH 9.8. In the 2D 1H HYSCORE
spectrum of the QA

- state at pH 9.8 in Figure 2A, we observe five
pairs of distinct cross-peaks or ridges that are centered at approxi-
mately the proton Zeeman frequency (νZeeman,

1H=14.72MHz),
and each pair of cross-peaks is symmetric with respect to the
diagonal of the spectrum. The ridges are labeled HI, HII, HIII,
HIV, and HV and are attributed to protons that are magnetically
interacting with the electron spin of the QA

- state. The ridges
labeled HIII, HIV, and HV are well separated, while the ridges
labeled HI and HII display partial overlap. Ridge HIV consists of
two segments, a pronounced segment and a smaller segment,
located on different sides with respect to the diagonal. Ridges
HI-HV are identified by quantitative analysis of the spectrum
and are shown to arise from hyperfine interactions of QA

- with
different types of protons.

Shown in Figure 2B is the numerical simulation of the experi-
mental 2D 1H HYSCORE spectrum of the QA

- state at pH 9.8.
As one can see, the spectral simulation accurately reproduces the
location of the five pairs of ridges that are observed in the
experimental 2D 1H HYSCORE spectrum (labeled HI-HV) of
the QA

- state at pH 9.8 (Figure 2A). The anisotropic (T) and
isotropic (aiso) proton hyperfine coupling parameters that are
obtained via analysis of the data as previously described (27) are
listed in Table 1A.

The 1H hyperfine (electron-nuclear) interactions are primarily
characterized by two parameters, namely, the isotropic and aniso-
tropic hyperfine components, aiso and T, respectively. These
components determine the shape and location of the ridges in
the frequency space of the 2DHYSCORE spectrum.Qualitatively,
the isotropic component corresponds to the average separation of
the two ridges in the pair, which is symmetric with respect to the
diagonal. The anisotropic component causes a shift of the ridges
with respect to the antidiagonal, which is the straight line perpen-
dicular to the diagonal and intersects with the diagonal at the
protonZeeman frequency of 14.72MHz (Figure 2A).The isotropic
component can be interpreted as ameasure of electron spin density
at the magnetic nucleus, providing information about the spin
density distribution of the unpaired electron over the semiquinone
anion radical. The anisotropic component arises from the through-
space dipolar interaction and provides information about the
electron-nuclear distance and the relative geometry of the unpaired
electron and the magnetic nucleus. Examination of Table 1A
reveals that the values of aiso at pH 9.8 for ridges HI-HIII are
4.58, 7.21, and -6.5 MHz, respectively. The presence of strong
isotropic hyperfine interaction, aiso, with the protons contributing
to HI-HIII suggests that there is significant orbital overlap that
leads to the presence of electron spin density on these protons. This
indicates that HI-HIII are directly bonded and are intrinsic to the
QA

- semiquinone state. In this study, HI-HIII are unambiguously
assigned to the electron-nuclear hyperfine interaction of the QA

-

semiquinone state with the methyl, β-methylene, and ring protons,
respectively (Figure 3). The hyperfine parameters that are obtained

FIGURE 1: (A) Magnetic field sweep electron spin echo spectrum of
the reduced QA

- semiquinone of PSII at pH 9.8. (B) Derivative line
shape of the spin echo spectrum shown in panel A. Indicated by an
arrow is the magnetic field position that was used for the measure-
ment of the 2D 1H and 14N HYSCORE spectra.
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here are in excellent agreement with the hyperfine coupling values
thatwere obtained in previousENDORspectroscopy studies of the
QA

- semiquinone state of PSII and plastosemiquinone models in
protic solvents (11, 27, 28, 34).

As one can see inFigure 2A, the two ridges (labeledHIV andHV)
in the 2D 1H HYSCORE spectrum are shifted from the anti-
diagonal. Ridge HIV displays a large shift from the antidiagonal,
while ridge HV is less shifted. The values of the anisotropic com-
ponent (T) of the hyperfine interaction ofHIV andHV at pH9.8 are
4.66 and 1.78 MHz, respectively (Table 1). The corresponding
values of the isotropic component (aiso) of the hyperfine interaction
of HIV and HV at pH 9.8 are -0.27 and-0.19 MHz, respectively.
For both HIV and HV, the value of aiso is significantly smaller
than the value of T. The predominantly anisotropic (orientation-
dependent) nature of the hyperfine interaction that is reflected
in the shift from the antidiagonal and the larger value of T is
characteristic of “through-space” dipolar interaction(s) between
the unpaired electron spin on the QA

- semiquinone and the inter-
acting proton(s). Thus,we assign ridgesHIV andHVas arising from
hyperfine interactions of QA

- with H-bonded protons of the
surrounding protein environment.

There is a difference in the magnitude of the shift from the
antidiagonal for ridges HIV and HV. The larger shift of a ridge

from the antidiagonal indicates the presence of a higher aniso-
tropic hyperfine coupling constant (T) and hence a stronger
H-bond. This difference in the magnitude ofT could arise from a
change in either the distance between the hydrogen and carbonyl
keto oxygen atom and/or the orientation of the H-bond donor
with respect to the plane of the semiquinone ring. Assuming a
spin density of 0.25 on the carbonyl oxygen ofQA

- (35) and using
a point-dipole approximation for the electron-nuclear dipolar
interaction, we estimate the distances between the carbonyl keto
oxygen atom of the QA

- semiquinone and the H-bonded proton-
(s) corresponding to ridges HIV and HV to be 1.62 and 2.23 Å,
respectively. This suggests that theH-bond corresponding toHIV

is stronger than theH-bond attributed toHV.However, note that
the sign of the isotropic component, aiso, of the hyperfine inter-
action is sensitive to the orientation of the H-bond. Numerical
calculations have previously suggested that the increasing non-
planarity of a H-bond results in a change in the sign of aiso (29).
Thus, on thebasis of thenegativeaiso valuesof theH-bondassociated
with HIV and HV that are observed in this study (Table 1A), we
conclude that both the H-bonds are significantly out of plane
relative to the plane of the QA

- semiquinone anion. The absolute
value of the ratio of aiso to T is ∼2 times larger for HV, which
reflects the greater nonplanarity of the H-bond geometry.

FIGURE 2: (þ,þ) quadrantof the (A) experimental and (B) simulated 2D1HHYSCOREspectrumof theQA
- semiquinone state ofPSII atpH9.8

with the diagonal and antidiagonal of the spectrum depicted as dashed lines, (C and D) at pH 6.5, and (E and F) at pH 5.5. The labels for the
1H hyperfine ridges are color-coded to match the linear analysis described in the Supporting Information.
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To assign the putative H-bond partners, we perform 2D 14N
HYSCORE spectroscopy on the QA

- state of Mn-depleted CN-
treated PSII. Figure 4A depicts the expanded region of the (þ,þ)
quadrant of the experimental 2D HYSCORE spectrum of the
QA

- state of Mn-depleted, CN-treated PSII at pH 9.8 (Figure 1S
of the Supporting Information), which highlights the interactions
with the surrounding 14N nuclei. In the 2D 14N HYSCORE
experimental spectrum shown in Figure 4A, there are two pairs
of ridges located in the low-frequency region near double the 14N
Zeeman frequency that are symmetric with respect to the diagonal
withmaximal signal intensity at [(2.86MHz, 5.01MHz), (5.01MHz,
2.86MHz)] and [(1.69MHz, 3.96MHz), (3.96MHz, 1.69MHz)],
respectively. The values of the three principal hyperfine components,
aiso, the nuclear quadrupole coupling constant, K, and the asym-
metry parameter of the nuclear quadrupole tensor, η, were obtained
from comparison of the experimental (Figure 4A) and simulated
(Figure 4B) spectra, and the values are listed in Table 2A.

In contrast to the magnetic nature of the electron-nuclear
hyperfine tensor, the quadrupole interaction is determined by
electric field gradients that are experienced by the nucleus when
the nuclear spin I>1/2. The quadrupole tensor parametersK and
η reflect the size and asymmetry of the electric field gradient at the
position of the nucleus. These parameters are determined by the
local electronic structure around the nucleus and can be used to
identify the typeof chemical bondingof the nucleus. The quadrupole

coupling constant, K, and the asymmetry parameter, η, of NI

at pH 9.8 that were obtained in this study are characteristic
of nuclear quadrupole interaction of an amide nitrogen of the
peptide backbone. The value ofK observed here is in good agree-
ment with previously published values for a peptide nitrogen in
polyglycine (36). The values of K and η of NII at pH 9.8 that are
obtained here are typical of a nuclear quadrupole interaction
with an amino nitrogen of the imidazole side chain of a His
residue (37). The large aiso value that is observed for both NI and
NII indicates the presence of significant electron spin density on the
nitrogen atoms. This requires the presence of an atomic bridge that
would allow for electron spin density to be transferred fromQA

- to
the nitrogen atom(s) of the amino acid residue(s). This is attributed
to the presence of strong H-bonding interactions between the QA

-

semiquinone and the nitrogen atoms, NI and NII.
In this study, we also examine the effect of pH on the H-bonded

protons, the backbone peptide and amino nitrogen atoms that
serve as H-bond donors to the QA

- semiquinone state. In addi-
tion to examining theQA

- state ofMn-depleted, CN-treated PSII
at pH 9.8, we examine the 2D 1H and 14N HYSCORE spectra of
the QA

- state at pH 6.5 and 5.5, respectively. Shown in panels C
andEof Figure 2 are the experimental 2D 1HHYSCOREspectra
of the QA

- state at pH 6.5 and 5.5, respectively. The correspond-
ing values of the isotropic (aiso) and anisotropic (T) components
of the hyperfine interaction that were obtained from the linear
analysis (described in Materials and Methods) are listed in
parts B and C of Table 1 for pH 6.5 and 5.5, respectively. The
numerical simulations of the experimental spectra using the
parameters that were obtained from the linear analysis are shown
in panels D and F of Figure 2. As one can see in Table 1A-C,
both isotropic (aiso) and anisotropic (T) components of the
hyperfine interaction for HIV and HV remain unchanged within
the estimated experimental error. This indicates that although
subtle changes in either the geometry or the distance of the bonds
might be masked by experimental inaccuracy, there is no signif-
icant change in the strength, planarity, or orientation of the
H-bond with the change in pH (29).

The experimental and simulated 14N HYSCORE spectra of
theQA

- state of PSII at pH6.5 and 5.5 are shown in panels C and
D of Figure 4 and panels E and F of Figure 4, respectively. At
pH 6.5, the ridges have maximal signal intensity at [(2.86 MHz,
5.05 MHz), (5.05 MHz, 2.86 MHz)] and [(1.63 MHz, 4.1 MHz),
(4.1 MHz, 1.63 MHz)], respectively, and at pH 5.5, they have
maximal signal intensity at [(2.89 MHz, 4.89 MHz), (4.89 MHz,
2.89MHz)] and [(1.53MHz, 4.14MHz), (4.14MHz, 1.53MHz)],
respectively. The electron-nuclear hyperfine and the nuclear
quadrupole parameters are obtained from comparison of the
experimental (Figure 4C,E) and corresponding simulated spectra
(Figure 4D,F), and these are listed in Table 2B.While the nuclear
quadrupole coupling constant,K, and the asymmetry parameter,
η, are virtually identical at pH9.8, 6.5, and 5.5, we observe a small
variation of the principal components of the electron-nuclear
hyperfine tensor for both NI and NII. However, the observed
variations are within the estimated error and the reproducibility
of the experiment. This observation is in agreement with the
absence of a pH dependence of the 2D 1H spectra that are very
sensitive to even small perturbations of the H-bonding inter-
actions. Thus, neither 1H nor 14N spectra demonstrate a depen-
dence of the hydrogen bond strength and geometry on the pH of
the PSII sample. This is in contrast to previously published
literature that reports the presence of effects of pHon theH-bond
withNII (9, 38). However, our results compare well with previous

FIGURE 3: Structure of a plastoquinonemolecule. Highlighted are the
methyl (HI), β-methylene (HII), and ring (HIII) protons that are
observed in the 2D 1H HYSCORE spectra shown in Figure 2.

Table 1: HyperfineCoupling ParametersObtained from theAnalysis of the

2D 1H HYSCORE Spectrum at (A) pH 9.8, (B) pH 6.5, and (C) pH 5.5

proton ridge T (MHz) aiso (MHz) A^, A ) (MHz)

(A)

HI 1.23( 0.1 4.58( 0.1 3.35 ( 0.1, 7.03 ( 0.1

HII 1.49( 0.2 7.21( 0.2 5.73 ( 0.2, 10.2 ( 0.2

HIII 2.89( 0.4 -6.5( 0.4 -9.38 ( 0.4, -0.75 ( 0.4

HIV 4.66( 0.05 -0.27( 0.05 -4.92 ( 0.05, 9.05 ( 0.05

HV 1.78( 0.2 -0.19( 0.2 -1.96 ( 0.2, 3.37 ( 0.2

(B)

HI 1.25( 0.1 4.71( 0.1 3.46 ( 0.1, 7.22 ( 0.1

HII 1.44( 0.2 7.19( 0.2 5.75 ( 0.2, 10.09 ( 0.2

HIII 2.86( 0.4 -6.39 ( 0.4 -9.25 ( 0.4, -0.68 ( 0.4

HIV 4.77( 0.1 -0.27( 0.1 -5.03 ( 0.1, 9.27 ( 0.1

HV 1.82( 0.2 -0.31( 0.2 -2.13 ( 0.2, 3.34 ( 0.2

(C)

HI 1.19( 0.1 4.79( 0.1 3.59 ( 0.1, 7.18 ( 0.1

HII 1.45( 0.2 7.03( 0.2 5.58 ( 0.2, 9.92 ( 0.2

HIII 2.83( 0.4 -6.36 ( 0.4 -9.20 ( 0.4, -0.69 ( 0.4

HIV 4.72( 0.6 -0.39( 0.6 -5.10 ( 0.6, 9.05 ( 0.6

HV 1.83( 0.2 -0.41( 0.2 -2.24 ( 0.2, 3.25 ( 0.2
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ESEEM investigations on Zn-substituted PSII and high-pH
treated PSII (9, 10, 13).

DISCUSSION

We demonstrate the simultaneous application of 2D 1H
and 14N HYSCORE spectroscopy to characterize the H-bond

interactions of the reduced QA
- state ofMn-depleted, CN-treated

PSII with the surrounding amino acid residues of the protein
matrix. The application of 2D HYSCORE spectroscopy renders
several advantages over conventional 1D EPR spectroscopy
methods, such as ENDOR and 1D ESEEM spectroscopy, which
are used to detect electron-nuclear hyperfine couplings. In the

FIGURE 4: (þ, þ) quadrant of the (A) experimental and (B) simulated 2D 14N HYSCORE spectrum of the QA
- semiquinone state of PSII at

pH 9.8, (C and D) at pH 6.5, and (E and F) at pH 5.5.

Table 2: Hyperfine Coupling Parameters Obtained from the Analysis of the 2D 14N HYSCORE Spectrum at (A) pH 9.8, (B) pH 6.5, and (C) pH 5.5

nitrogen ridge Ax, Ay, Az (MHz)a aiso (MHz) R, β, γ (deg)b K (MHz) η

(A)

NI 2.2, 1.1, 2.4 ((0.2) 1.9( 0.2 0, 45, 0 0.81( 0.02 0.46( 0.1

NII 1.8, 1.0, 1.2 ((0.2) 1.3 ( 0.2 0, 0, 0 0.40( 0.02 0.85( 0.1

(B)

NI 2.1, 1.0, 2.3 ((0.2) 1.8( 0.2 0, 45, 0 0.81( 0.02 0.47( 0.1

NII 2.0, 1.2, 1.4 ((0.2) 1.5 ( 0.2 0, 0, 0 0.40( 0.02 0.83( 0.1

(C)

NI 1.9, 1.0, 2.1 ((0.2) 1.7( 0.2 0, 45, 0 0.82( 0.02 0.47( 0.1

NII 2.0, 1.2, 1.4 ((0.2) 1.5 ( 0.2 0, 0, 0 0.38( 0.02 0.82( 0.1

aDeviation applies to each value. bEuler angles of the quadrupole tensor in the principal axis frame of the hyperfine tensors.
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2D HYSCORE experiment, the electron-nuclear hyperfine
interactions are detected in a much larger frequency space that
provides superior resolution. The 2D HYSCORE experiment
provides a more accurate measure of through-space highly
anisotropic hyperfine couplings that are a signature of H-bond
interactions. Further, in this study, we combine the interpretation
of the strength and geometry ofH-bonds using 2D 1HHYSCORE
spectroscopy with the assignment of the H-bond donors by 14N
HYSCORE spectroscopy.

In the 2D 1H HYSCORE spectrum of the QA
- state of Mn-

depleted, CN-treated PSII at pH 9.8, we detect five different types
of protons (contributing to the cross-peaks or ridges HI-HV)
that are interacting with the semiquinone anion (Figure 2A and
Figures 3S and 4S of the Supporting Information). On the basis
of the hyperfine parameters that were obtained here (Table 1A)
and comparison with previously published data (11, 27, 28, 34),
we assign ridgesHI-HIII as arising from the hyperfine interaction
of the QA

- state with intrinsic protons, namely, the methyl,
β-methylene, and ring protons, respectively (Figure 3). In addition,
we observe two ridges, HIV and HV (Figure 2A), that are due to
predominant anisotropic electron-nuclear hyperfine couplings
(Table 1A). This is characteristic of “through-space” orientation-
dependent dipolar interaction(s) between the unpaired electron
spin on the semiquinone and the interacting proton(s). Thus, we
assign the ridges, HIV and HV, as arising from hyperfine inter-
actions of the QA

- semiquinone with H-bonded protons of the
surrounding protein matrix.

As one can see in Table 1A, there is a difference in the magni-
tude of the anisotropic hyperfine coupling, T, for ridges HIV and
HV. This indicates a difference in the strength of the respective
H-bonds. On the basis of the larger anisotropic hyperfine
coupling, T, of HIV in comparison with HV, we conclude that
the H-bond corresponding to HIV is significantly stronger than
the H-bond attributed to HV. This difference is largely due to
a difference in the H-bond length, i.e., the distance between the
carbonyl keto oxygen atom of the QA

- semiquinone and the
H-bonded proton. The sign of the isotropic component, aiso, of
the hyperfine interaction and its relative size with respect toT are
sensitive to the orientation of the H-bond (29). The negative sign
of aiso of bothH

IV andHV inTable 1A indicates that theH-bonds
are twisted out of the plane of the ring of the QA

- semiquinone.
The relative size of the isotropic hyperfine component, aiso, with
respect toT is observed to be larger for ridge HV, which indicates
the stronger nonplanarity of the H-bond geometry.

We determine the perpendicular and parallel components
of the hyperfine tensor,A^ andA ), respectively, of the H-bonded
protons that contribute to ridges HIV and HV of the 2D 1H
HYSCORE spectrum of the QA

- state of Mn-depleted, CN-
treated PSII at pH 9.8 (Table 1A). At pH 6.5, the hyperfine
components (A^ and A )) were estimated by 1H ENDOR to be
4.8 and -1.1 MHz, respectively, for the first H-bond and -2.2
and 4.4MHz, respectively, for the second hydrogen bond (11). In
this ENDOR study, the authors attribute the first interaction
to an asymmetric weak H-bond and the second interaction to
a stronger H-bond that was similar to the H-bond of the plasto-
semiquinone radical in a frozen solution of isopropyl alcohol.
The H-bonds were not assigned to specific amino acid residues in
the protein matrix. In our study, A^ and A ) for the H-bonded
proton of ridge HIV at pH 6.5 were determined to be -5.03 and
9.27 MHz, respectively, which are not in agreement with the
values obtained for the first H-bonded proton in the 1H ENDOR
study (11). However, theA^ andA ) values of the secondH-bonded

proton (ridge HV), 2.13 and 3.34 MHz, respectively, are in
reasonable agreement with the second H-bonded proton (11).
This discrepancy between the two studies could be attributed
to the difference in spectral resolution between the previous
1H ENDOR (11) and present HYSCORE spectroscopy study.
HYSCORE spectroscopy is a superior tool for the detection of
electron-nuclear hyperfine interactions that are predominantly
dipolar in nature, while such interactions often remain poorly
resolved in ENDOR spectra.

To identify the donors that participate in the H-bonding inter-
actions of the reduced QA

- state of PSII, we study the nuclear
quadrupole and the electron-nuclear 14N hyperfine couplings
using 2D 14N HYSCORE spectroscopy. The quadrupolar inter-
action provides insight into the type of 14N nucleus that is inter-
actingwith the QA

- state. In the study of the QA
- state at pH 9.8,

the values of asymmetry parameter, η, and the quadrupolar
coupling constant, K, of the two nitrogen atoms, NI and NII, are
assigned to a peptide backbone nitrogen and an amino nitrogen
of aHis residue, respectively (Table 2A). These assignments are in
agreement with those from previously published studies by
Rutherford (9, 38), Astashkin (13), and co-workers (Table 3).

Examination of the X-ray crystal structures of PSII (2, 3, 5)
reveals the presence of two nitrogen atoms that could interact
with the QA

- semiquinone through H-bonding interactions. There
is an amide nitrogen atom of the peptide backbone (D2-Phe261)
andanaminonitrogenatomof an imidazole side chain (D2-His214)
in the protein matrix that are in the proximity of the neutral QA

center in the X-ray structure of PSII (Figure 5A). On the basis of
the quadrupole coupling parameters listed in Table 2A, ridges NI

andNII in the 2D 14NHYSCORE spectrum could be attributed to
the electron-nuclear hyperfine interactions of the reduced QA

-

state with the amide and the amino nitrogen atom of D2-Phe261
and D2-His214, respectively. However, it is important to note that
X-ray crystal structures of PSII depict the environment of the neutral
primary quinone, QA, whereas its reduced semiquinone state, QA

-,
is observedbyEPRspectroscopy. It is plausible that the strength and
symmetry of the H-bonds are significantly different between the
neutral QA and reduced QA

- semiquinone state, respectively.
It is important to mention that specific isotope labeling and

site-directed mutagenesis studies of PSII performed by Peloquin
et al. (15) have previously suggested a very weak interaction
between the amide peptide nitrogen of D2-Ala260 and the QA

-

state. The authors observed a single amide peptide nitrogen
nucleus with hyperfine parameters close to the values obtained
for NI in this study. By comparing the values of the isotropic
hyperfine coupling, aiso, that are obtained for nitrogen atoms NI

and NII in our 2D 14N HYSCORE study, we confirm the pres-
ence of highly asymmetric H-bonds in the reduced QA

- semi-
quinone state. The significantly larger aiso value forN

I indicates a
higher spin density at the peptide nitrogen atom. This reflects a
stronger H-bonding interaction between the carbonyl oxygen
atom of the QA

- semiquinone and the corresponding peptide
bond compared to that of the interaction previously estimated in
the literature (15). This further confirms that proton HIV can
likely be assigned to D2-Phe261 and HV to D2-His214.

In this study, we explore the pH dependence of the H-bonding
interactions of the reduced QA

- semiquinone state. On the basis
of the estimated pKa value of an amide peptide group, we do not
expect a pH dependence of the 2D 1H and 14N HYSCORE
signals of theH-bond to the amide peptide backbone group at pH
values ranging from 9.8 to 5.5. The value of the electron-nuclear
hyperfine parameters, aiso and T, of NI remain unchanged at
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pH 9.8, 6.5, and 5.5 (Tables 1 and 2). This is in agreement with
previous results for CN-treated PSII, Zn-substituted PSII, and
high-pH-treated PSII (Table 3) (9, 13, 14, 38).

In this study, we also investigate the pH dependence of the
H-bonding interaction of the QA

- state with the amino nitrogen

of the imidazole side chain of the His residue (NII) (Table 2). We
do not observe a dependence of NII on pH values ranging from
9.8 to 5.5; there is a slight variation in the electron-nuclear
hyperfine couplings, but this is within experimental error. There
are contrasting reports about the pH dependence of the NII atom
of the amino nitrogen atom of the imidazole side chain in the
literature (9, 38). In a study performed by Rutherford and co-
workers (9), the authors observed a pH dependence of the
H-bond strength of the amino group of an imidazole side chain.
It was observed that in CN-treated PSII, an increase in the pH
results in a decrease in the electron-nuclear hyperfine couplings
of the NII atom leading to the almost complete disappearance of
the H-bond at pH>9. However, such a pH dependence was not
observed in previous studies of high-pH-treated PSII (Table 3).
The absence of this pH dependence was also confirmed by a
detailed study of Zn-substituted PSII (13). In the latter studies,
the authors attribute the previous observation of the deprotonation
of the amino group of the imidazole at high pH to the bio-
chemical treatment used to uncouple the iron. In this study, the
14N HYSCORE spectra of the QA

- semiquinone of Mn-depleted,
CN-treated PSII are compared with the corresponding spectra of
Fe(II)QA

- in intact PSII to ensure the structural integrity of the
treated PSII samples.

It is well-known that the estimated pKa value of an imino
group of an uncoordinated His residue is ∼6.0. However, in the
case of a His residue coordinated to the non-heme iron of PSII,
the imino group is deprotonated at a lower pH value. This seems
to be in agreement with the observed deprotonation in the CN-
treated PSII sample in previous studies (9). In the case of a metal-
coordinated His residue, the second deprotonation of imidazole
(amino group) is improbable at pH e10.0. This is supported by
the results of Sorkin et al. (39), who observed an iron-coordinated
His residue in the protonated form in iron-superoxide dismutase
using NMR spectroscopy. This is in agreement with the absence
of a pH dependence in our study.

There are structural similarities among the type II RCs, PSII,
and the reaction center from purple bacteria (BRC) (2, 40).
Although the quinone that is recruited in theQA site is different in
the two RCs (plastoquinone and ubiquinone in PSII and the
BRC, respectively), there are significant similarities between PSII
and BRC that extend to the molecular interactions of the binding
site of the primary quinone, QA, and the estimated midpoint
potentials of QA in PSII and the BRC (approximately-148 and
-180 mV in PSII and the BRC, respectively) (41, 42). Previous
ENDOR spectroscopy studies of the QA

- state of the BRC have
suggested the presence of twoH-bonds that are nearly equivalent
in strength (43) (Table 4). The hyperfine parameters for the inter-
action ofQA

- of PSII with theH-bonded proton that contributes
to ridge HIV (Table 4) are almost identical to the hyperfine
parameters reported for the H-bond with AlaM260 in the BRC
(Table 4). However, the second H-bond of QA

- of PSII, HV,

Table 3: Comparison of 14N Hyperfine Coupling Parameters Obtained in This Study with Those from Previously Published Reports

nitrogen cross-peak (NI) nitrogen cross-peak (NII)

Ax, Ay, Az (MHz) K (MHz) η Ax, Ay, Az (MHz) K (MHz) η

Mn-depleted, CN-treated PSII (pH 9.8)a 2.2, 1.1, 2.4 0.81 0.46 1.8, 1.0, 1.2 0.40 0.85

CN-treated PSII (pH 9.2)b 2.0, 1.7, 2.6 0.8125 0.45 0.2, 0.2, 0.9 0.4125 0.75

CN-treated PSII (pH 8.2)b 2.0, 1.7, 2.6 0.8125 0.45 1.1, 1.1, 1.9 0.4125 0.75

Zn-substituted PSII (pH 8.8)c 1.9 0.75-0.85 0.40-0.77 1.9 0.32-0.37 0.88-0.97

aThis work. bFrom ref 9. cFrom ref 13.

FIGURE 5: (A) Structure of the binding site of the primary quinone,
QA, as seen in the X-ray crystal structure of PSII (2, 3, 5). Shown are
the amino acid residues that are suggested to be involved inH-bonding,
hydrophobic, and π-stacking interactions in the QA-binding site of
PSII (the phytyl tail of QA has been omitted for the sake of clarity).
Highlighted are themagnetically interacting nitrogen atoms (asterisks),
the carbon atom of the bulkymethyl group (red circle), and the hydro-
gen bonds (dashed lines) that are detected in this study of the QA

-

semiquinone of PSII (Protein Data Bank entry 1S5L). (B) Structure
of the binding site of the primary quinone, QA, as seen in the X-ray
crystal structure of BRC (44). Shown are the amino acid residues
that are suggested to be involved in H-bonding, hydrophobic, and
π-stacking interactions in the QA-binding site of BRC (the phytyl
tail of QA has been omitted for the sake of clarity). Highlighted
are the magnetically interacting nitrogen atoms (asterisk) and the
hydrogen bonds (dashed lines) that were previously detected in
ENDOR studies of the QA

- semiquinone of the BRC (Protein Data
Bank entry 1PCR).
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is weaker than the H-bond with HisM219 (Table 4). This
difference could be due to structural differences in the protein
environment in PSII and BRC as well as a difference in the sub-
stituent groups of plastoquinone and ubiquinone. For the H-bond
with D2-His214 of PSII, the presence of a negative isotropic
component of the proton hyperfine interaction suggests the pres-
ence of a nonplanar H-bond. This nonplanarity can be observed
in the crystallographic data (see Figure 5A) in which the angle
between the amino nitrogen of D2-His214 and the C-O bond of
the carbonyl group is∼56�. This could be due to the presence of
bulky methyl group substituents on the primary quinone that are
∼4.95 Å from the D2-His214 residue, which is likely to cause
steric hindrance that places the D2-His214 residue outside of the
quinone ring plane (Figure 5A). In contrast, less nonplanarity is
observed in the crystal structure of BRCwhere the angle between
the amino nitrogen of HisM219 and the C-O bond of the
carbonyl group is∼41� (44) (Figure 5B). Similar to our observa-
tion for theD2-His214 residue of PSII, highly nonplanar hydrogen
bonds were detected for the ubiquinone, Qi, of the cytochrome bc1
complex (23), where the nonplanarity results in the presence of a
significant isotropic component of the hyperfine interaction.

The presence of strong H-bonds is expected to stabilize the
QA

- semiquinone of PSII (1) as these interactions drive the
midpoint potential to a higher (more positive) value. While it is
not possible to account for the largemidpoint potential of the QA

acceptor of PSII solely on the basis of the differences in the
strength and relative orientation ofH-bonds,H-bonding patterns
are an important determinant of the redox properties of quinone
function in PSII. The difference in the H-bonding patterns
between the two quinone acceptors, QA and QB, of PSII could
be one of the factors contributing to the difference in their redox
potentials (42) (approximately -148 and -62 mV, respectively)
and function. Also, it is known for the BRC that a change in pH
leads to a change in the rate of transfer of an electron from QA

-

to QB. It is proposed for the BRC that the electron transfer rate is
gated by pH-dependent conformational changes (45). Because
there are remarkable similarities between the BRC and PSII,
similar pH-dependent conformational changes are expected in
PSII. However, we do not observe a significant pH dependence
of the H-bonding pattern of QA

- in PSII, implying that such
conformational changes would not involve a change in the
H-bonding patterns of QA

- in PSII.
In this study, for the first time, we demonstrate the application

of 2D 1H HYSCORE spectroscopy in resolving the individual
asymmetric H-bonds of the primary quinone acceptor of PSII
and obtain quantitative information about the strength and
orientation of the H-bonds to the bound cofactor in the semi-
quinone state. This is significant as it provides direct insight into
the redox tuning of the primary quinone of PSII and facilitates
direct comparison of theQA site of PSII with the quinone-binding
sites of the BRC, PSI, and the cytochrome bc1 complex.

SUPPORTING INFORMATION AVAILABLE

Field sweep electron spin echo spectra, four-pulse and six-pulse
HYSCORE spectra, and details of the linear analysis of the proton
hyperfine interactions of the QA

- state of PSII. This material is
available free of charge via the Internet at http://pubs.acs.org.
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