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Vitamin K; (VK)) is an important cofactor of the electron-transfer chain in photosystem I (PS I), referred to
as A;. The special properties of this quinone result from its unique interaction(s) with the protein surrounding.
In particular, a single H-bond to neutral A; was identified previously in the X-ray crystal structure of PS I. During
light-induced electron transfer in PS I, A, is transiently reduced to the radical anion A;"". In this work, we
characterized the electron spin density distribution of A;"~ with the aim of understanding the influence of the
protein surrounding on it. We studied the light-induced spin-polarized radical pair P20 A" and the
photoaccumulated radical anion A", using advanced pulse EPR, ENDOR, and TRIPLE techniques at Q-band
(34 GHz). Exchange with fully deuterated quinone in the A; binding site allowed differentiation between
proton hyperfine couplings from the quinone and from the protein surrounding. In addition, DFT calculations
on a model of the A, site were performed and provided proton hyperfine couplings that were in close agreement
with the ones determined experimentally. This combined approach allowed the assignment of proton hyperfine
coupling tensors to molecular positions, thereby yielding a picture of the spin density distribution in A;"".
Comparison with VK;"™ in organic solvents (Epel et al. J. Phys. Chem. B 2006, 110, 11549.) leads to the
conclusion that the single H-bond present in both the radical pair P;o9""A;"~ and the photoaccumulated radical

anion A;"” is, indeed, the crucial factor that governs the electronic structure of A;"".

Introduction

Photosystem I (PS 1) is an indispensible part of oxygenic
photosynthesis in plants, algae, and cyanobacteria.'”* PS 1 is
an integral membrane protein that consists of several subunits
and carries a large number of cofactors, including chlorophylls
(Chls), carotenoids, FeS clusters, and quinones.*> The two
central PS I subunits PsaA and PsaB are arranged in a nearly
symmetrical structure, with a pseudo-C, axis that runs through
the electron donor Py (a dimer of Chls) to Fx, a [4Fe—4S]
cluster (Figure 1a). PsaA and PsaB provide the ligands for the
majority of the electron-transfer cofactors in PS I. The two
branches of the electron-transfer cofactors (termed the A and
B branches) are located on both sides of the pseudo-C, axis.

P is followed by two additional Chl ¢ molecules on each
branch. Light-induced charge separation is initiated within these
six excitonically coupled Chl molecules. The nature and kinetics
of the primary steps in charge separation are a controversial
topic of discussion.® Recently, it was proposed that Py is
generated only after oxidation of the accessory Chl molecules
(A and Ag; see Figure 1a).”® The first stable intermediate,
P00 "A¢"", is generated within a few picoseconds after light
excitation. The next electron acceptor A; (VK,) is reached in
~30 ps.!% Then, the electron is transferred to Fx, which is a
[4Fe—4S] cluster bound to PsaA and PsaB. The PsaC-bound
[4Fe—4S] clusters F, and Fy follow in the electron-transfer
chain.!"13 In less than 1 ms, the electron reaches the terminal
electron acceptor Fg, located on the stromal side.
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After the initial electron-transfer steps, the quinone becomes
singly reduced, and the spin-polarized radical pair (RP)
Pt A" is formed.'* ! It has been a matter of controversy
whether one or two branches are active under different
experimental conditions, that is, whether the quinone in the A
branch, the quinone in the B branch, or both quinones participate
in electron transfer.'”~2® Most likely, the quinones in both
branches take part in electron transport at physiological tem-
peratures. It has been shown that, at cryogenic temperatures,
reversible charge separation takes place in the A branch, as can
be observed by time-resolved EPR spectroscopy.'®!8:1927-29

The structure of the A, site in the A branch of PS I in the
25A X-ray crystal structure is shown in Figure 1b (PDB entry
1JB0).* The A, site in the B branch is identical within the
resolution of the X-ray structure. Figure 1c shows the chemical
structures of VK; and VKj. In the A, site, the backbone amide
proton of a leucine residue is within a H-bonding distance from
the C—O group at position 4 of VK, whereas in the symmetric
position 1, no potential H-bonding donor is present. A tryp-
tophan residue is in a sz-stacked arrangement to the quinone,
with a plane-to-plane distance of 3.0—3.5 A. Note that the X-ray
structure has been solved for PS I with A, in the neutral state.
X-ray crystallography does not provide information about the
structure and dynamics of PS I with reduced A,. EPR spec-
troscopy showed previously that the spatial arrangement of the
quinone in the charge-separated state P;oo"tA;"” is similar to
that of the neutral quinone.'*!%%°

The protein-bound VK, has a very low redox potential (E,,
A~ —800 mV).!33%3! One of the major goals of the research on
A, is to understand how the protein modulates the quinone
properties inside PS I, that is, how the low reduction potential
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Figure 1. (a) Arrangement of the cofactors in the electron-transfer chain of PS I from 7. elongatus taken from the 2.5 A X-ray crystal structure
(PDB entry 1JB0).* The two branches are denoted as the A branch and the B branch. The spectroscopic names are indicated for each cofactor, and
A, and Ag denote the accessory Chl molecules. The use of A or B in the subscript of the names indicates the respective branch. (b) Structure of
the A binding site in the A branch of PS I taken from the 2.5 A crystal structure (PDB entry 1JB0).* The corresponding B-branch binding site is
almost identical. The quinone vitamin K, (VK;; phytyl chain truncated) is depicted in yellow with oxygen atoms colored red. The color coding
within amino acids is as follows: carbon, gray; oxygen, red; nitrogen, blue; sulfur, yellow. The backbone amide proton of Leu A722 (PsaA-L722)
is within a H-bonding distance to O, of VK (indicated by a dashed line; dy—o = 2.7 A), whereas in the symmetric position of the quinone (position
0)), no H-bonding donor is present. Trp A697 (PsaA-W697) is 7r-stacked to the quinone with a plane-to-plane distance of 3.0—3.5 A. Three other
important residues are also shown. (c) Chemical structures of the quinones vitamin K; (VK;) and vitamin K; (VKj3) together with numbering
schemes. The o-protons are bound directly to the aromatic rings, and the S-protons are found within the methyl group and the first CH, group of the
phytyl chain of the quinone molecules. The principal axes of the g tensor are expected to be collinear with the shown molecular axes system. The x and

y principal axes lie in the quinone plane, with the x axis parallel to the C—O bond, and the z axis is perpendicular to the quinone plane.

of the quinone is achieved. Various quinones can be incorporated
into the A, binding site, and similarly low redox potentials are
achieved with these quinones.!®*73¢ Thus, the low redox
potential of the quinone is conferred by the A; binding site.

The electronic structure of VK"~ in the A; binding site is
different from that of VK"~ in organic solvents.’’~* The
electron spin density distribution represents a sensitive probe
of the electronic structure. So far, the spin density distribution
in A;"" is not fully known. The influence of protein—cofactor
interactions on the electronic structure of the quinone, and thus
the spin density distribution, is a controversial topic in the
literature, for example, with respect to the impact of the H-bond
and the s-stacked tryptophan.'*** Of special interest is the
interaction of the protein surrounding with the quinone through
a single hydrogen bond as compared to the bacterial photosyn-
thetic reaction center, where the quinone in the Q4 site is bound
to the protein through two H-bonds.*!=#4

The electron spin density distribution can be directly probed
by the 'H hf interaction.**~*% The 'H hfc constants, however,

106,107

are often too small to be resolved in the EPR spectrum,
necessitating the use of advanced EPR techniques such as
"H ENDOR spectroscopy to increase the spectral resolution. The
radical anion A"~ was investigated by '"H ENDOR spectroscopy
previously (see, e.g., refs 28, 36, 37, 39, and 49—51). However,
only the hfc tensor of the freely rotating methyl group protons
has been determined and definitively assigned so far.’’ Other
spectral features have been assigned in different ways by several
groups (see, e.g., refs 39, 49, and 50). A problem of previous
ENDOR studies on A;"" is the poor spectral resolution at
X-band, where nearly all of these studies were performed. The
situation is different at Q-band, where a better spectral resolution
is achieved.

A further drawback of many of the previous ENDOR studies
was that only photoaccumulated A"~ was studied.’’#%-30:52754
This presents a two-fold problem: (i) A;"” in the functionally
relevant RP Po"" A"~ was not studied, and (ii) PS I samples
with photoaccumulated A" often contain a significant amount
of the chlorophyll radical anion Ay"~, which has overlapping
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EPR and 'H ENDOR spectra with A;"”. Experiments on the
RP offer the advantage of looking directly at the functionally
relevant RP P7o"" A"~ not contaminated by stationary signals.
Note, however, that the analysis of the RP ENDOR spectra is
rather complicated; thus, only a partial analysis of the spectra
has been published to date.”!

The problem of assigning '"H ENDOR signals to particular
protons can be addressed in different ways. One strategy is to
modify the protein environment by introducing single-point
mutations (see, e.g., refs 28, 52, and 53). Unfortunately, this
method often alters the structure of the protein and the cofactors.
Another approach is to use isotopic labeling, which does not
perturb the system and which is used here. A straightforward
way to disentangle proton hfc constants from the quinone and
its protein environment is deuteration of either the quinone or
its surrounding.

Effective exchange of the quinone in the A, site is an essential
prerequisite for studies which use labeled quinones. Here, we
use PS I isolated from the Synechocystis menB26 mutant.> In
menB strains, the pathway for biosynthesis of VK| is interrupted
by interposon mutagenesis of the menB gene in Synechocystis
sp. PCC 6803.°%57 This results in PS I complexes where PQqg
instead of VK, (Figure S1, Supporting Information) occupies
the A, binding site.’>* The binding of PQy is much weaker
than that of the native VKj, so PQq can easily be exchanged
with other quinones with higher affinity to the A, binding site,
such as VK or VK;.#>° The latter is a close analog of VK,
that is lacking the phytyl chain at position 3 (Figure 1c). In the
present study, VK, and VKj (VK3-hg and VK;-dg) were used
for the substitution of PQy in the A; binding site of PS I isolated
from Synechocystis menB26. Previous EPR measurements have
shown that the substituted VKj; is positioned and oriented
identically to the native VK| in the A, binding site.*>

Our previous study of VK, and related quinone radical
anions in organic solvents by pulse Q-band EPR, ENDOR, and
TRIPLE spectroscopy and DFT calculations yielded a compre-
hensive assignment of 'H hfc tensors to molecular positions.>
Building on these results, the same combination of advanced
methods was applied here to address the corresponding problem
of the radical anion VK;"~ in the A; binding site of PS I
Measurements were performed both on A;"™ in the short-lived
spin-polarized RP P;p0""A;"” and on the photoaccumulated
radical anion A;"". Additionally, novel pulse ENDOR techniques
(variable-mixing-time ENDOR®~%2 and one- and two-dimen-
sional TRIPLE®~%) were used here to obtain the signs of the
hfc constants as well as the orientation of the hfc tensors. To
investigate the influence of the protein surrounding on the hfc
tensors, the proton hfc tensors obtained for VK, and VK;™
in the A; binding site of PS I are compared to the proton hfc
tensors obtained for VK"~ and VK3’ in organic solvents. Our
results explain the observed changes in the distribution of
electron spin density by interaction of the quinone with the
protein surrounding.

Materials and Methods

Biochemical Preparations. Growth of the thermophilic
cyanobacterium Thermosynechococcus elongatus (T. elongatus)
and isolation of PS I was done as described previously.®® The
trimeric PS I complexes isolated from this organism were
obtained from P. Fromme (Arizona State University, Tempe,
AZ) and J. Frank and J. Kern (TU Berlin, Berlin, Germany).

Growth of the Synechocystis menB26 strain was performed
as described previously.> The procedure used for the isolation
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of trimeric PS I complexes is a modification of the one used
previously.%’

For the quinone exchange in the A; binding site, PS I from
Synechocystis menB26 was used. The procedure was based on
previous studies.**>® A detailed description of the quinone
exchange procedure is provided in the Supporting Information.

PS I samples from 7. elongatus and Synechocystis menB26
contained between 0.1 and 0.2 mM PS I. The samples for RP
measurements were reduced by adding sodium ascorbate (final
concentration of 5 mM), incubated in the dark for 5 min at
4 °C, and then quickly frozen in liquid nitrogen in the dark.
The photoaccumulated quinone radical anion A"~ was generated
using procedures similar to those previously described.®® The
FeS clusters were prereduced by sodium dithionite!>%° and then
the sample was illuminated to generate the quinone radical anion
A;"". A detailed description is provided in the Supporting
Information.

EPR and ENDOR Measurements. All EPR and ENDOR
experiments were carried out on a Bruker ELEXSYS E580
Q-band spectrometer with a Super Q-FT microwave bridge
equipped with a home-built ENDOR resonator,’’! similar to
the one described in ref 72. The resonator used for measurements
on the light-induced RP P7py"" A"~ contained 12 horizontal slits
of 0.3-mm width to allow in situ light excitation of the sample
(>65% light transmission). All pulse EPR and ENDOR spectra
of the light-induced RP P700"t A"~ were corrected for the dark
background recorded 10 ms after the Laser flash. Variable-
Mixing-Time (VMT) ENDOR experiments based on the Davies
ENDOR sequence’® were performed to determine the absolute
signs of the 'H hfc constants of A;"™ in the RP as described
previously.®® To determine the (relative) signs of the hfc
constants in the photoaccumulated radical anion A;"", one-
dimensional pulsed electron—nuclear—nuclear TRIPLE reso-
nance was used.®® Two-dimensional pulsed electron—nuclear—
nuclear TRIPLE resonance experiments were employed to obtain
the relative signs of hfc constants and the orientations of hfc
tensors.®%> All TRIPLE experiments were based on the Davies
ENDOR sequence.” Further details are provided in the Sup-
porting Information.

Spectral Simulations. All data-processing routines and
simulations were performed in the MATLAB environment,”*
using the EasySpin software package (version 2.7.1).> For
ENDOR and TRIPLE simulations the EasySpin package
together with home-written routines was used.” Simulations of
the EPR spectra of the spin-polarized RP Psp"tA;"~ were
performed with the program of Salikhov and co-workers.”6~78
The three protons of the methyl group (the only strongly coupled
protons in A;") were included in the simulation of all EPR
spectra. Simulations of the ENDOR spectra of the spin-polarized
RP P5p0"t A"~ were done using procedures similar to those used
for stationary radicals.” The principal values of the 'H hfc
tensors and the orientation of the principal axes with respect to
the g-tensor principal axes are summarized in Table 1 for VK|
and in Table 2 for VK.

DFT Calculations on VK;"~ and VK3 in the A; Binding
Site. For the DFT calculations, the smallest feasible model
systems were chosen. They contain either VK, (with a truncated
phytyl chain; see Figure S1, Supporting Information) or VK3
and the backbone of the two amino acids alanine (PsaA-A721)
and leucine (PsaA-L722). The amide nitrogen of the leucine is
involved in a hydrogen bond with the oxygen at position 4 of
the quinone (Figure 1b). The coordinates for the geometry
optimizations were taken from the X-ray crystal structure of
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TABLE 1: 'H hfc Constants of VK; ™ in the A, Binding Site of PS I from 7. elongatus Determined Experimentally and from
DFT Calculations (MHz)

position 2 (CH3)*  position 3 (CH,) position 5 (o) position 6 (o) position 7 (a) position 8 (a) H-bond
expt DFT expt DFT expt DFT expt DFT expt DFT expt DFT expt DFT
A +8.8 +9.62 -085 —19 —1.84 21 —-1.74 5.0 =519 —-08 —0.65 +74 +7.27
(+9.1) +253 (=19 (—=2.0) (=5.2) (—=0.8) (+7.4)
A,  +124  +13.05 +3.72  (-0.3) —0.07 (+0.5) +0.66 (—0.7) —0.68 (+35) +356 (=35) —431
(+12.7) +5.16
A, +8.3 +8.86 (+1.6) —201 (=3.6) —356 (=19 —159 =350 =372 (=13) —155 (=35 =378
(+8.6) +1.68 (—=3.40)
igo +9.8 +10.51 +029 (=19 —-1.82 (=1.1) —0.89 (=3.1) —-3.19 (+0.5) 4046 (+0.1) —0.28
(+10.1) +3.12
@° 430 +14 —22 +12 +12 +10 +10 —12 —22 =5 =5 —20 —30
—14
o° 0 +1 +44 0 =5 0 —6 0 -2 0 +1 +30 +12
_lod

“ Numbering of molecular positions is according to Figure lc. ? Values in parentheses refer to the photoaccumulated radical anion A;"".
“ Angles (¢, 0) of the hfc tensor principal axes with respect to the principal axes of the g tensor are given in degrees; see Figure lc for the
definition. Angles are assumed to be identical in the RP and the photoaccumulated radical anion. The error in the determination of the hfc
constants is typically in the order of 100 kHz, but can be larger in some cases of broad or overlapping lines (e.g., the H-bond proton). The
precision of the determination of the angles (¢, 0) is <10° for the methyl group protons, the strongly coupled a-proton of the benzoic ring, and
the H-bond proton. This precision is especially due to the sensitivity of the 2D TRIPLE spectrum to the orientation of the hfc tensor principal
axes. For the more weakly coupled protons, the errors in the angles are larger. ¢ These are the only protons for which the A, component is also
significantly out-of-plane (>4°).

TABLE 2: 'H hfc Constants of VK5~ in the A; Binding Site of PS I from Synechocystis menB26 Mutant Determined
Experimentally and from DFT Calculations (MHz)

position 2 (CHs)* position 3 () position 5 (o) position 6 () position 7 (o) position 8 (o) H-bond

expt DFT expt DFT expt DFT expt DFT expt DFT expt DFT expt DFT
A, +8.7 +8.82 —7.6 —-720 —1.8 —1.55 —2.5 —2.28 —4.6 —4.67 —0.8 —0.85 +7.4 +7.38
A, +12.3  +12.40 +0.38 +0.41 +0.42 —0.49 +3.18 —4.42
A, +8.2 +8.02 —6.7 —7.16 —3.16 —1.92 —3.1 —3.40 —1.83 —3.85
iso +9.7 +9.77 —4.66 —1.44 —1.26 —2.86 +0.17 —0.30
¢*  +25 +10 —15 —17 +4 +7 +12 +10 —20 —25 —14 —8 —20 —32
0° 0 -2 0 0 0 —4 0 -3 0 -2 0 -1 +30 +12

@ Numbering of molecular positions is according to Figure lc. » Angles (¢, 0) of the hfc tensor principal axes with respect to the principal
axes of the g tensor are given in degrees; see Figure lc for definition. The angles were — aside from the H-bond proton — taken from
measurements on VK;'~ in 2-propanol.” The error in the determination of the hfc constants is typically in the order of 100 kHz, but can be
larger in some cases of broad or overlapping lines (e.g., the H-bond proton or the o-proton at position 3).

cyanobacterial PS T (PDB entry 1JB0).* Computational details
are provided in the Supporting Information.

than 95%. The RP EPR spectra are very sensitive to the
orientation of the two cofactors with respect to each other. The
good agreement with the simulations, which used the same
interaction tensor and the same orientation of the two g tensors
as for wild-type PS 1, assured that the substituted quinones were
bound in the same position and orientation [see Table Sl
(Supporting Information) for the principal values of the g
tensors].

Results

Integrity of the A; Binding Site. This work takes advantage
of PS I samples with different quinones in the A, binding site.
A prerequisite for all spectroscopic studies described here is
the integrity of this site after incorporation of different quinones
into PS 1. This was addressed by transient EPR and pulse 'H
ENDOR spectroscopy, which showed that (i) PQo could be
quantitatively replaced in vitro by VK, or VKj in the A binding
site of PS I isolated from Synechocystis menB26 mutant, (ii)
the A, site structure and functional activity is preserved after
the quinone replacement procedure, and (iii) the A binding sites
in the thermophilic 7. elongatus and the mesophilic Synechocys-
tis strains are similar.

In general, the RP EPR spectra can be described as a
superposition of emissive and absorptive spectra of A;"" and
Pooo t.3879781 The signal of P7o,"" dominates the central and high-
field regions of the spectra, whereas the low-field region of the
EPR spectra contains a significant contribution of the A,
signal, which exhibits a larger g anisotropy. The evaluation of
the degree of quinone exchange was done as described previ-
ously by inspection of the low-field wing of the transient EPR
spectra of the RP.* The exchange was estimated to be better

The similarity of the A, binding sites in PS I isolated from
T. elongatus (with native VK;) and Synechocystis menB26
substituted with VK, is evident from comparison of the RP
ENDOR spectra (Figure S2, Supporting Information). Further-
more, this is an additional strong indication that the quinone
substitution procedure does not alter the A; binding site. The
differences in the ENDOR spectra of A" arising upon quinone
substitution with VK3 in PS I from Synechocystis menB26 result
solely from differences between the radicals VK, and VKj5'™.

For the analysis of the 'H ENDOR spectra of photoaccumu-
lated A", it is important to ensure the absence of contaminating
radicals. In particular, the chlorophyll anion radical Ay is a
common contaminant in this type of samples (e.g., refs 37, 49,
and 82). The prominent broad lines belonging to Ay~ (hfc
constants > 10 MHz) are very weak in the ENDOR spectra
recorded around the g, position of A" in our 7. elongatus
samples (see discussion and comparison of ENDOR spectra in
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Figure S3, Supporting Information). Under identical photoac-
cumulation conditions, PS I isolated from Synechocystis menB26
accumulated a significant amount of A,"~. Therefore, PS I
isolated from Synechocystis menB26 was investigated only by
RP ENDOR spectroscopy.

Pulse ENDOR and TRIPLE Measurements. To determine
the orientation of the hfc tensor principal axes with respect to
the g-tensor axes and to increase the spectral resolution,
molecules that have different orientations with respect to the
magnetic field have to be excited.®*~% For a complete orientation
selection, all principal components of the g tensor must be
resolved in the EPR spectrum. In the Q-band EPR spectrum of
photoaccumulated A;*~, only the g, component is well separated
from the other g-tensor components, whereas the g, and g,
components are partially separated. This means that only in the
ENDOR spectra recorded close to the g, spectral position (high-
field edge) can single crystal-like ENDOR spectra be obtained.
ENDOR spectra recorded at the low-field edge (close to the g,
orientation) will be close to single-crystal-like, but will still
contain signals from molecules with their x axis (parallel to the
C—O bonds) slightly tilted with respect to the static magnetic
field. At intermediate field positions, the ENDOR spectra show
powder patterns.

The RP EPR spectra can be described in a simplified way as
a superposition of emissive and absorptive spectra of both A"
and Pyoo"". This results in overlap of emissive and absorptive
ENDOR signals from A"~ and P7o,"" (essentially an overlap of
four ENDOR spectra). Furthermore, because of the coupling
of the two electron spins (mixture of singlet and triplet states),
additional ENDOR signals can appear that are not present in
the isolated radicals.’! The polarization of ENDOR lines of one
nucleus can be different (e.g., low-frequency ENDOR transition
absorptive, high-frequency ENDOR transition emissive) and
depend on the sign of the hfc.”® This results in congested
ENDOR spectra that are very difficult to analyze. It was found
previously® that the 'H ENDOR spectra recorded at the low-
field edge of the RP EPR spectrum show only ENDOR signals
from A", and both ENDOR lines of a specific nucleus have
the same polarization (emissive). At the high-field edge, the
situation is more complicated, because the g, values of Py™"
and A" are close to each other. At intermediate field positions,
the ENDOR spectra are further congested because of the
overlapping powder patterns (data not shown), and only a few
hfc constants (e.g., of the spectrally well separated methyl group
protons) could be determined.

In the following discussion, only the ENDOR spectra
recorded at the low-field edge are compared. (Additional RP
ENDOR spectra were recorded at different magnetic field
positions; data not shown.) This field position corresponds to
the g, spectral position of A;"” (subsequently, g values and
orientations with respect to the g tensor refer to A;"~ and not to
P7o0™).

In Figure 2, the '"H ENDOR spectra of (a) A"~ in photoac-
cumulated and (b) RP samples in PS I from 7. elongatus and
of RP samples in PS I from Synechocystis menB26 with (c)
VKj-hg and (d) VKs-dg in the A; binding site are presented,
recorded at the low-field edge (see also Figure S2, Supporting
Information). In the ENDOR spectra of A;"” in photoaccumu-
lated (Figure 2a) and RP samples (Figure 2b) of PS I from T.
elongatus, signals from protons of VK; and the protein
surrounding (including the H-bond proton) are present. These
spectra are nearly identical with respect to number and positions
of the ENDOR lines. In the RP ENDOR spectrum of PS I from
Synechocystis menB26 substituted with VK;-hg (Figure 2c), the
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Figure 2. Pulse Q-band 'H Davies ENDOR spectra recorded at the
low-field edge of the EPR spectrum of photoaccumulated A;"~ and the
RP in PS I from T. elongatus and the Synechocystis menB26 mutant
(T = 80 K). The largest component of the H-bond proton signal (A)
is marked by a dotted line for better visualization. The numbering of
the ENDOR lines is identical to that in Figures 3 and 4 below; it does
not refer to molecular positions. Note that all ENDOR lines of the RP
are emissive and are only for comparison with the ENDOR spectrum
of the photoaccumulated radical anion A;"~ presented as absorptive
ENDOR spectra. (a) Photoaccumulated A, in 7. elongatus PS 1
(absorptive ENDOR; see Figure 3a). (b) RP in T. elongatus PS 1. (c)
RP in Synechocystis menB26 PS I with VK;-hg in the A; binding site.
(d) RP in Synechocystis menB26 PS 1 with VKj-dg in the A; binding
site. The ENDOR signals of the impurity from ~3% non-deuterated
VK; are marked with asterisks.

signals of the o-proton at position 3 in the quinone ring can
also be observed. Further differences may be due to slightly
different hfc tensors of VK"~ and VK5~ *° and the absence of
the methylene protons of the phytyl chain in VKj; (Figure 1c).
In the PS I sample from Synechocystis menB26 substituted with
fully deuterated VK3-dg (Figure 2d), only signals from protons
of the protein are expected in the 'H ENDOR spectrum. The
respective spectrum exhibits a broad line pair 2/2°, which is
hidden in the sample substituted with VK;-hg (Figure 2c). We
assign the related hfc to the H-bond proton between leucine
PsaA-L722 and the quinone oxygen O, (Figure 1b; see also
discussion below).

The narrow lines observed in the 'H ENDOR spectra of the
samples with protonated VK,/VKj in the A binding site (Figure
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Figure 3. Orientation-selected pulse Q-band 'H Davies ENDOR
spectra of the photoaccumulated radical anion A" in 7. elongatus PS
I recorded at different values of the magnetic field (7' = 80 K). The
inset (top) shows the reference field-swept echo (FSE) detected EPR
spectrum. The field positions at which the presented ENDOR spectra
were measured are marked with letters. For each field position, the
experimental spectrum (black) and the simulation (red) are presented.
The numbering of the ENDOR lines is identical to that in Figures 2
and 4. The hfc tensors of the methyl group protons, the H-bond proton,
and the four o-protons from the second (benzoic) ring are included in
the simulation (see Table 1). The asterisks mark ENDOR lines that
are due to the contaminating radical anion A, (see Supporting
Information for discussion).
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Figure 4. Two-dimensional pulse Q-band difference Davies TRIPLE
spectra ("H) of the photoaccumulated radical anion A,"~ in PS I from
T. elongatus, recorded approximately at the g, position (7' = 80 K).
The correlation ridges between the protons with the same sign of the
hfc are located in the left quadrant [see, e.g., the correlation between
methyl group protons (1°) with the line 2], whereas the correlations
between protons with different signs are located in the right quadrant
(see, e.g., the correlations between lines 2” and 4”). On top and at the
right edge, the 'TH ENDOR spectra recorded at this spectral orientation
are given. The numbering of the ENDOR lines is identical to that in
Figures 2 and 3. (a) Experiment. (b) Simulation including the three
methyl group protons, the H-bond proton, and the proton at position 7
in the benzoic ring.

2 0

6 4

2a—c) indicate a well-defined binding of the quinone in the
protein and the absence of structural heterogeneity. The similar-
ity between the '"H ENDOR spectra of A"~ in the RP and of
photoaccumulated A" of PS I from T. elongatus (Figure 2a,b),
recorded close to the g, orientation of A;"", indicate that the
binding of VK| is identical, despite the difference in sample
preparation. The spectra of samples with protonated VK;/VKj
in the A, binding site show (Figure 2a—c), for example, the
intense line pair 1/1” due to a large proton hfc of about 9 MHz,
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which is assigned to the magnetically equivalent methyl group
protons (position 2).373%3%5! This hfc is very similar for
VKj3-hg in PS 1 from Synechocystis menB26 and native VK| in
T. elongatus. VKs-dg has a degree of deuteration of 97%.
Observation of the weak traces of the methyl proton of VKj-hg
in PS I from Synechocystis menB26, substituted with VKj;-ds,
shows that PQq is quantitatively substituted under our experi-
mental conditions.

The methyl group proton hfc of A" in the RP is decreased
by about 300 kHz as compared to that of the photoaccumulated
radical (Table 1). A similar difference between RP and
photoaccumulated radicals was also observed at X-band.*>>! The
interaction between the two unpaired electrons in the RP as
compared to the photoaccumulated radical anion can be
excluded as a possible reason for this effect based on a previous
study.’' A potential contributor to this difference is a negative
charge on the FeS cluster Fx in the photoaccumulated PS I
samples.

In the ENDOR spectra of PS I from 7. elongatus (Figure
2a,b) and PS I from Synechocystis menB26 substituted with
VKj;-ds (Figure 2d), a broad signal due to a hfc of 7.4 MHz is
observed (line pair 2/2’; shoulders are underlined with dotted
lines for better visualization). In the ENDOR spectrum of PS I
from Synechocystis menB26 substituted with VK3-hg (Figure 2c¢),
this line pair is not visible because of overlap with another,
more intense line pair (3/3”). Similar signals were also observed
by Teutloff et al. for A;"" in PS I from 7. elongatus® and by
Pushkar et al. in photoaccumulated A;"” in PS I from Syn-
echocystis menB26, substituted with VKj3-ds, and assigned to
the Aj component of the H-bond proton hfc tensor.*’ A detailed
explanation and discussion of the assignment of this hfc is given
below.

The intense line pair 3/3” is visible only in the sample
substituted with VKj3-hg (Figure 2c). It was shown previously
that VK5~ and VK, exhibit very similar spin densities in
organic solvents.>® Thus, the line pair 3/3’ is assigned to the
a-proton at position 3 of the quinone ring that is present in
VK5 only.

The intense line pair 4/4” is observed in the ENDOR spectra
of the RP and photoaccumulated samples of PS I from
T. elongatus (Figure 2a,b), and in the ENDOR spectra of PS I
from Synechocystis menB26 substituted with VK3-hg (Figure 2c).
However, it is not visible in the ENDOR spectrum of PS I from
Synechocystis menB26 substituted with VKj-ds (Figure 2d).
Therefore, it must arise from one of the a-protons of the second
(benzoic) ring and not from protons of the quinone environment
or the H-bond proton.

To determine the complete 'H hfc tensors of A", we
recorded ENDOR spectra at different magnetic fields to excite
molecules with different orientations with respect to the static
magnetic field. This was done both for the RP (data not shown)
and for photoaccumulated A;"~ (Figure 3); however, a detailed
analysis of the orientation-dependent ENDOR spectra was
possible only for photoaccumulated A;"".

The combination of one-dimensional TRIPLE resonance
experiments®® and VMT ENDOR experiments® allowed us to
determine the signs of the hfc constants that cannot be
determined from the ENDOR spectra. The corresponding spectra
and their analysis are provided in the Supporting Information
(Figures S4—S7). Additional constraints for the simulation of
the ENDOR spectra came from the 2D TRIPLE resonance
spectra presented below.

Two-Dimensional TRIPLE Spectroscopy. In Figure 4a, a
two-dimensional (2D) pulse 'H difference electron—nuclear—
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nuclear TRIPLE spectrum recorded at the g, spectral position
of photoaccumulated A;"™ in PS I from T. elongatus is shown
together with a simulation of the most prominent spectral
features (Figure 4b). This experiment is a modification of the
Davies ENDOR experiment, where an additional RF z-pulse
is applied during the mixing time. Whereas the first RF sr-pulse
is set to a specific frequency, the frequency of the second RF
sr-pulse is scanned to generate a one-dimensional (1D) TRIPLE
spectrum.%® The difference between this spectrum and the
ENDOR spectrum yields the difference TRIPLE spectrum,
which exhibits only ENDOR lines that belong to the same
electron spin manifold as the one selected by the first RF pulse.
The extension in two dimensions is achieved by repeating the
experiment for different frequencies of the first RF pulse. The
resulting 2D TRIPLE spectrum is mirror-symmetric to its
diagonals (assuming that third-order corrections to the Hamil-
tonian are negligible); thus, only the two lower quadrants are
discussed in the following analysis. A detailed introduction to
2D TRIPLE spectroscopy is given in refs 64 and 65. Two-
dimensional TRIPLE spectroscopy provides spectral correla-
tions, and offers enhanced resolution due to the spread of the
spectrum to a second dimension. In case of A", this is
especially helpful at the g, orientation, where congested powder-
type ENDOR signals of various protons are observed. The
intense signals on the diagonal (Figure 4a, lower left quadrant)
present, in principle, the ENDOR spectrum; the signals on the
antidiagonal (lower right quadrant) are due to longitudinal
electronic relaxation in the mixing time of the TRIPLE sequence,
the so-called indirect TRIPLE effect.”!337 The most prominent
ridges located in the two lower quadrants of Figure 4a arise as
a result of correlations between methyl group protons and other
protons. The orientation of the principal axes of the hfc tensors
of the other protons can be determined with higher precision
than can be obtained from only the ENDOR spectra, because
the orientation of the methyl group proton hfc tensor is well-
known. Correlation ridges between protons with the same hfc
sign are located in the lower left quadrant (see, e.g., the
correlation between the methyl group protons line 1” and the
line 2), whereas correlations between protons with different hfc
signs are located in the right quadrant. Of particular interest is
the correlation between lines 2" and 4’. The presence of this
correlation ridge clearly shows that these two ENDOR lines
are due to different protons. Because line pair 2/2” is unambigu-
ously assigned to the A, component of the H-bond proton hfc
tensor, line pair 4/4” cannot belong to the H-bond proton, but
must arise from one of the a-protons of the quinone with a
negative hfc.

Assignment of ENDOR Lines with Weaker Couplings. The
simultaneous simulation of 2D TRIPLE and orientation-selected
ENDOR spectra allowed us to assign line pair 4/4” to the
o-proton at position 7. This assignment is strongly supported
by the DFT results (see below). The unique assignment of hfc
constants of the other more weakly coupled protons is more
difficult. We have used a comparison with DFT calculations to
confirm the predicted assignments.

For the two methylene (CH,) protons of the phytyl chain, an
analysis was not possible. In the RP ENDOR spectra with VK|
in the A, binding site of PS I, no new intense line was detected
as compared to the RP ENDOR spectra with VKj in the A,
binding site. We conclude that those methylene protons are not
observable in our ENDOR spectra recorded at g, and g, position.
However, the broad signal with a positive hfc (+1.6 MHz)
observed in the 1D TRIPLE spectrum recorded at the g, spectral
position could belong to one of the methylene protons (Figure
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S7, spectrum e, Supporting Information). This is in good
agreement with the DFT results. The absence of a prominent
signal is probably due to the large line width and low intensity
of the related resonances. This indicates that the hfc constant
shows a distribution, which is probably because of small
variations of the dihedral angle of the phytyl chain.®

According to the X-ray crystal structure of PS I, only one
H-bond to the quinone is present in (neutral) A,.* The orienta-
tion-selected ENDOR pattern of this H-bond proton is different
from those observed in quinone radical anions in organic
solvents.>*7%% On the basis of the ENDOR spectra recorded at
the g, spectral position, the hfc of +7.4 MHz (line pair 2/2’,
Figures 2 and 3) can be clearly assigned to the A; component
of the H-bond proton. This is in excellent agreement with the
DFT calculation (A = +7.27 MHz). The A, component of
the H-bond proton is hardly observed at the g, position; thus,
the H-bond has to be less than 40° out-of-plane. The A,
component is close to —Ay/2, assuming a;s, &~ 0 MHz. Line pair
5/5" (Figures 2 and 3) with a hfc constant of —3.5 MHz is
assigned to the A; component of the H-bond proton. This line
pair is hardly visible in the ENDOR spectra recorded at g =
2.007 (Figures 2a,b and 3a) and becomes more pronounced at
spectral orientations corresponding to smaller g values (Figure
3b—e). The assignment is less obvious than that of A; compo-
nent, as several other protons with similar hfc constants have
significant contributions to the ENDOR spectra. However, the
field dependence of the spectral lines corresponding to the hfc
constant of —3.5 MHz can be only attributed to the H-bond
proton. Other protons including the o-protons of the benzoic
ring or methylene protons of the phytyl chain have distinguish-
ably different field dependences. The fact that the A, component
is nearly invisible in the ENDOR spectra recorded at g = 2.007
indicates that the H-bond is pointing more along the g, principal
axis than along the g, principal axis. In summary, this orientation
dependence shows that the H-bond to the negatively charged
quinone is oriented similarly to the X-ray crystal structure.

The line pairs 6/6” and 8/8 detected at the g, orientation
(Figures 2 and 3) stem, at least partially, from protons of the
protein. This is the only spectral orientation where ENDOR
signals from the protein were detected in PS I from Synechocys-
tis menB26 substituted with VKj-ds. An assignment of these
two hfc constants to specific protons on the basis of the data so
far presented is not possible. However, assuming only a dipolar
coupling of these protein protons to the electron spin, a hfc
constant of +2.6 MHz would correspond to a rather small
distance (in the range of 3.0—3.5 A). The protons of the
tryptophan residue located at a comparable distance to A; might
be the origin of these couplings.

DFT Calculations. DFT calculations were performed on a
system containing either truncated VK; or VKj; and the backbone
atoms of the residues PsaA-L722 and PsaA-A721. Calculations
on the B-branch quinone were not conducted because the
immediate environments in the two branches are almost
identical.* In the geometry optimization, the orientation of the
truncated phytyl chain and the orientation of the leucine with
respect to the quinone were kept fixed, and the H-bond length
was optimized (see Supporting Information for details). The
geometry optimization of the negatively charged quinone radical
anion resulted in a short H-bond length of 1.66 A, comparable
to that found for Q'™ in photosynthetic reaction centers from
Rhodobacter sphaeroides.*****' This is considerably shorter than
the H-bond length of 1.74 A obtained from a restricted geometry
optimization using oxidized VK, in the A, binding site. The
shortening of the H-bond upon one-electron reduction of the
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quinone is similar in magnitude to that observed for Q4.0
While the symmetry of the ring is already slightly distorted due
to the different substitutions at the carbon atoms 2 and 3, an
additional asymmetry is introduced as a result of the single
H-bond.

The asymmetric H-bonding by the backbone NH group of
the leucine has a significant effect on the calculated spin density
distribution and Mulliken spin populations of the molecule
compared to the case of symmetric H-bonding to both quinone
oxygens, as found, for example, in 2-propanol solution
[Figure 5 and Table S2 (Supporting Information)]. It can be
seen that unpaired spin density is shifted towards the carbonyl
oxygen O;, which is not involved in the H-bond, whereas the
spin population on Oy is hardly affected. Strong effects are also
observed for the carbon atoms C;, C,, and C;: The spin
population at the carbon C; is increased, whereas the opposite
holds for C; and C;. The majority of the unpaired electron is
now located at O, Oy, C,, and C4 and not at O, Oy, C;, and C4
as found, for example, for the symmetrically hydrogen-bonded
VK, in 2-propanol solution. The spin populations in the
benzoic ring are found to be small in general. Only atom C;
shows a significant spin population for VK" in the A, site.
The spin populations on the neighboring amino acids are well
below 1%. In the case of VK;'~, virtually the same effect as
for VK~ was found (Table S2, Supporting Information).

The calculated proton hfc tensors are given in Table 1 (VK;)
and Table 2 (VKj3). The isotropic hfc constants, which depend
on the polarized spin density on the respective nucleus, follow
the trend described above. They are larger for the protons
covalently bound to carbons C,, Cs, and C; and smaller for those
protons bound to carbons C;, Cg, and Cg. The largest hfc
component of the H-bond proton tensor, A,, is pointing, to a
good approximation, along the H-bond. The hfc tensor of the
H-bond proton is relatively close to axial symmetry. Despite
the rather simple model of the protein binding site, the agreement
between the DFT calculations and the experimentally determined
'H hfc tensors was found to be very good. The '*C and 7O hfc
constants of VK;"~ and VKj3'~ are given in the Supporting
Information (Tables S3—S6). The computed g tensors are given
in Table S1 (also in the Supporting Information). The orienta-
tions of the principal axes of the g tensor were found to be
collinear with the molecular axes system presented in
Figure 1c to within <3°.

Discussion

Number and Location of Quinones Involved in Electron
Transfer. The question of the involvement of both quinones
in the electron transfer of PS I has been a controversial matter
of discussion in the past (see Introduction). Recently, there
seems to be some agreement that, at physiological temperature,
both branches are active.'*!7"2° Although the question of
directionality is beyond the scope of this study, it is important
to determine which quinone is observed under the experimental
conditions used here.

It has been shown that the quinone radical anion involved in
cyclic electron transfer at low temperature—which is the one
observed by time-resolved EPR spectroscopy in the RP
P70o"A; " —is located in the A branch.'*'827-29

Depending on the experimental conditions, the photoaccu-
mulated radical anion A" has been reported to be generated
in the A branch, in the B branch, or in both branches.028:395254
In this work, we observed narrow and well-defined 'H ENDOR
signals (Figures 2 and 3). Excluding the unlikely event that all
'H hfc tensors are identical for the quinones in both branches,
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Figure 5. Comparison of calculated electron spin densities (contour level 0.003 e/a;®) and Mulliken spin populations of the (ring) carbon and
oxygen atoms in VK"~ (with truncated phytyl chain, labeled R) in different environments (see also Tables S2—S6 in the Supporting Information).
Hydrogen bonds are indicated by dashed lines. The electron spin density is the difference between the total density of electrons with o spin minus
the total density of electrons with 3 spin. Hence, the electron spin density depends on all orbitals. The spin density at a nucleus is reflected in the
isotropic hyperfine interaction as probed by EPR and ENDOR spectroscopy. Spin populations were obtained from a Mulliken analysis, which
attributes fractional amounts of unpaired electrons to each nucleus. The electron spin density distribution and the spin populations in VK3'™ are very
similar to the values presented here for VK;"~ (see Supporting Information for details). (a) VK;"~ model in the A, binding site, hydrogen-bonded
(dashed line) to the leucine residue (PsaA-L722). (b) VK;~ model in organic solvents, hydrogen-bonded (dashed lines) to four 2-propanol (IP)

molecules.”

this suggests the observation of a single quinone radical anion.
Attempts to directly detect magnetic interactions between two
A" radicals in the A and B branches using PELDOR®*? and
RIDME?? were not successful. Although this is not conclusive
evidence for the absence of a second reduced quinone, it is a
further indication that only one quinone radical anion was
accumulated under our experimental conditions.

EPR and '"H ENDOR investigations of photoaccumulated A"~
in two point mutants of Synechocystis (PsaA-W697F, PsaB-
W677F)*%%* were carried out in this laboratory. In these mutants,
the st-stacked tryptophan was replaced by phenylalanine. Small
but notable changes in the 'H ENDOR spectra as compared to
that of wild-type PS I were found only for the A-branch mutant
and not for the respective B-branch mutant.®> The number of
"H ENDOR lines of A;"~ remained unchanged in both mutants,
indicating that only the A-branch quinone was accumulated.

From these results, we conclude that, under the experimental
conditions used in this study, only the A-branch quinone is
detected by EPR spectroscopy. This holds both for the RP
P90 "A;"” and for photoaccumulated A"

Electronic Structures of VK;""/VKj3'™ in Organic Solvents
and in the A, Binding Site: Influence of the Protein
Surrounding. In a previous study, we investigated several
different quinone radical anions in the hydrogen-bonding solvent
2-propanol.’ In that study, DFT calculations proved to be quite
accurate in predicting the hfc tensors of the quinone protons.
The calculation of hfc tensors for the solvent protons involved
in in-plane hydrogen bonding provided values very close to
those determined experimentally. An alternating effect of the
spin density distribution within the quinone upon asymmetric
H-bonding (two H-bonds to Oy, one to O;) was observed. An
increase in the spin density at positions 2, 5, and 7 and a

decrease at positions 3, 6, and 8 were found, as compared to
the values for the symmetrically hydrogen-bonded species. As
shown for VK;"~ in frozen 2-propanol, out-of-plane H-bonds
had a similar effect on the spin density distribution as the in-
plane H-bonds.

For the quinone radical anion in the A; site, DFT calculations
showed that a single-sided H-bond is required to obtain good
agreement with the experimental data (Tables 1 and 2). This
finding is also supported by previous DFT calculations’*” and
the results obtained for QA" in the bacterial photosynthetic
reaction centers,***%%9! which showed that asymmetric H-
bonding can induce the unusual asymmetric spin density
distribution observed in A;"". Especially the '"H hfc constants
are an excellent probe for the asymmetry of the spin density
distribution in the quinone. The presence of only one H-bond
is also strongly supported by the high-resolution crystal structure
of PS I with neutral A,.*

In previous studies,**** the possibility was discussed that
an apolar and aprotic environment opposed to a protic and polar
environment could explain the extremely low redox potential
of A, and the large g, value. In these studies, the apolar
environment of the quinone in the A; binding site was modeled
using a mixture of the apolar and aprotic solvents dimethoxy-
ethane (DME) and 2-methyltetrahydrofuran (MTHF). This
shifted the redox potential of VK; and the g tensor to values
very close to what was found for A;. However, no asymmetry
in the spin density distribution was induced by this environment.
Thus, the low polarizability cannot account for the spin density
distribution in A;"". Consequently, the asymmetric H-bond is
the key factor for understanding the spin density distribution in
Al
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DFT calculations with VK3 instead of VK| in the identical
binding site also showed good agreement with the experimen-
tally determined hfc constants (Table 2). The two quinones
experience similar shifts of the spin density in the A; binding
site as compared to the symmetric hydrogen-bonded situation
found in frozen 2-propanol solution. From this result, we can
conclude that VK; and VKj are bound in very similar ways by
the protein.

The Proton in the Hydrogen Bond. All principal compo-
nents of the hfc tensor of the proton in the H-bond have been
determined in this work; the isotropic hfc constant is small, and
the H-bond is not severely out-of-plane (Tables 1 and 2). Hence,
the length of the H-bond can be estimated using the point-dipole

approximation®”'% according to the expression
8Le8NPN
Agp = Tps(?) cos’d — 1) (1)

where g. and gy are the electron and nuclear g values,
respectively; . and By are the electron and nuclear magnetons,
respectively; ps is the spin population at the quinone oxygen; ¢
is the angle between the applied magnetic field and the direction
of the H-bond; and r is the length of the H-bond in angstroms.
It was found previously that the agreement between calculated
and experimentally determined spin populations on the oxygens
of quinone radical anions is very good.” The spin population
on the oxygen at position 4 was taken from the DFT calculations
(pos = 0.20), as no experimental value is available. Estimations
of the spin density from '"O-labeled VK; yielded similar
values.!”! Using eq 1 and the experimentally determined hfc
constants of the H-bond proton (Table 1), a distance of 1.64 A
was calculated. This value is in good agreement with the
distance of 1.66 A obtained by the restricted geometry optimiza-
tion, where the distance between O, and the amide nitrogen of
leucine was kept constant. Thus, in the reduced quinone in the
A, binding site, the H-bond is shorter than in neutral quinone
occupying the same site (1.74 A). The length of this H-bond is
similar to those of the two H-bonds found for Q"™ in bacterial
photosynthetic RCs. 439091

A determination of the H-bond proton hfc tensor has been
attempted several times in the past, and different and contro-
versial assignments have been obtained. Teutloff performed a
pulse X-band '"H ENDOR study of the photoaccumulated radical
anion A,” and the RP in PS I from T. elongatus and assigned
one axial tensor with an A, component of (+)14.8 MHz and an
A, component of (—)4.9 MHz to the H-bond proton (a;, = +1.7
MHz).”® Such a hfc tensor would be an indication of an
unusually short and strong H-bond. It is important to
note that the 14.8 MHz component was not detected in the
RP ENDOR spectra. In a later work by the same authors, the
large component of the hfc tensor was assigned only tentatively
to the H-bond proton. This was explained by the possibility
that this hfc constant could arise from a contribution of the
chlorophyll radical Ay"~ in the photoaccumulated samples.*

Heathcote and co-workers investigated the photoaccumulated
radical anion A;"” using CW X-band ENDOR and special
TRIPLE spectroscopy.’’>>* Their analyses were based on the
assumption that the two quinones in the A or B branch could
be photoaccumulated selectively. They proposed two H-bonds
per A, radical anion, with different hfc constants depending
on the species from which the PS I complexes where
isolated.?”9>%102 A hfc constant of about (+)12 MHz was
assigned to the large component of the H-bond proton hfc tensor,
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close to the hfc constant reported by Teutloff in ref 96. Under
the experimental conditions used in this study, only the A-branch
quinone is observed by EPR spectroscopy, both in the RP and
in photoaccumulated PS I samples. Considering the data
presented in our work, it seems to us that the ENDOR data
previously reported by Heathcote and co-workers®”5275% were
overinterpreted, owing to the low spectral resolution of powder-
type '"H ENDOR spectra at X-band, and possible contamination
with other radicals, such as A,"~. Therefore, in the following,
only the case of a single H-bond to the quinone radical anion
is discussed.

In a previous study, the photoaccumulated radical anion of
fully deuterated VKj; in the A; binding site of PS I from the
menB mutant of Synechocystis in protonated buffer was
investigated by ENDOR spectroscopy at Q-band.*’ The authors
assigned hfc constants of Ay = (+)7.7 MHz and A, = (—)4.9
MHz to the proton of the H-bond. Note, that no measurements
of A, in the RP were performed.

A problem encountered in previous studies was the presence
of the chlorophyll radical anion Ay~ in photoaccumulated
PS 1 samples.?0?849%3% Since protons of Ay~ have intense
ENDOR signals,®1931% even a small contribution of Ay~
obscures the broad and weak ENDOR lines of the proton in
the H-bond to A, (see Supporting Information). This is
especially problematic for X-band studies, where the EPR
spectra of A;"” and A, overlap, making it impossible to
selectively excite either radical. This is significantly improved
at Q-band, owing to the larger g anisotropy of A;"” compared
to Ay"". ENDOR spectra of pure A"~ can be obtained at spectral
positions around g,. This holds, of course, only for A"~ samples
containing a small contamination of A,"".

The large 'H hfc constants of Ay~ 82103104 are within the range
of the large hfc constants that were observed by Teutloff*® and
Heathcote et al.,’’%32 which were assigned to the H-bond
proton. It was clearly shown here on photoaccumulated A"
samples with a negligible contamination of A" that no signals
from hfc constants larger than that of the methyl group were
present at spectral positions between g, and g,. In the RP EPR
and ENDOR spectra, where a contamination with Ay~ is not
present, these large hfc constants were not observed. From this,
we conclude that these hfc constants arise not from the proton
H-bonded to A, but from Ay~ protons. Thus, previous
assignments?7:30:3273496.102 peed to be revised.

For the A, component of the H-bond proton tensor, a variety
of hfc constants have been proposed. In some studies, the (—)4.9
MHz hfc constant was attributed to the H-bond proton.?7-3:4%:%
In our study, based on ENDOR data and DFT calculations, the
line pair 4/4” in Figures 2 and 3 (~ —4.9 MHz hfc constant) is
assigned to the a-proton at position 7 in the benzoic ring. In
particular, the absence of this intense line pair in the RP ENDOR
spectra of PS I from Synechocystis menB26 mutant substituted
with VK;-ds indicates that this line pair does not arise from the
H-bond proton. Furthermore, this assignment is also supported
by the 2D TRIPLE simulations (Figure 4). Teutloff et al.*
explicitly mentioned in their work that they assigned this line
pair to the H-bond proton, because they did not expect that one
of the o-protons from the second ring could have such a large
hfc constant. Such an explanation cannot account for the results
of Pushkar et al.,** given that they used a fully deuterated
quinone (VKj;-dg) in the A; binding site of Synechocystis
menB26 mutant PS 1. However, their photoaccumulated PS I
samples had a strong Ay~ contamination. The lines due to
protons with large hfc constants indicative of Ay~ 82103104 are
clearly visible in the ENDOR spectra. Indeed, the contamination
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with Ay'™ is so strong that even at the g, spectral position the
contribution of Ay~ to the ENDOR spectrum is not negligible.
The 'H ENDOR spectrum of Ay~ has intense signals arising
from a hfc constant of about 4.9 MHz,%*1931% which is discussed
in the Supporting Information. Thus, the assignment of the 4.9
MHz (line pair 4/4’) hfc constant to the A; component of the
H-bond proton hfc tensor*® cannot be correct.

Hence, we can assign with confidence the 'H hfc tensor with
A= +7.4MHz and A; = —3.5 MHz to the proton in the single
hydrogen bond to the radical anions of VK; and VK3 in PS L.
This assignment solves a long-standing problem in this field.

Summary and Conclusions

A comprehensive Q-band EPR, ENDOR, and TRIPLE
investigation of A;"", both in photoaccumulated samples and
in the spin-polarized radical pair P,o"tA;"~ of cyanobacterial
PS I from T. elongatus, is reported here. In addition, PS I from
the Synechocystis menB mutant substituted with fully protonated
and fully deuterated VKj in the A, binding site was studied to
aid in the assignment of 'H ENDOR lines. DFT calculations
were performed, using a model of the A, binding site consisting
of a VK, or VK; molecule hydrogen-bonded to a leucine residue.
They are in good agreement with the experimental data showing
that the presence of only one strong H-bond can fully account
for the asymmetry of the spin density distribution in the radical
anion A;"".

It was further shown that, under the experimental condition
used in this work, the A-branch quinone is observed both in
photoaccumulated A;"~ and in the RP Pyo"tA;". For the first
time, ENDOR lines belonging to the o-protons of the second
(benzoic) ring were assigned along with the methyl group
protons. The proton hfc constants determined for the photoac-
cumulated radical anion and for the radical pair turned out to
be nearly identical, indicating similar binding situations for the
two species.

The hfc tensor of the H-bond proton was determined by
resolving the Ay~ contamination problem of previous studies
and correcting previously published assignments. A comparative
analysis of A;"” and Poo""A;"” ENDOR spectra of PS I from
T. elongatus and from the Synechocystis menB mutant with fully
deuterated and fully protonated VK3, in combination with the
DFT results, confirmed the presence of only one strong H-bond
to the quinone. The length of the H-bond was calculated using
the point-dipole approximation to be 1.64 A, close to the result
of the DFT calculations, which gave 1.66 A. This corresponds
to a relatively short and strong hydrogen bond.
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