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Abstract. Density functional theory was used to calculate magnetic resonance parameters for the
primary stable electron acceptor anion radical (Q7") in its binding site in the bacterial reaction center
(bRC) of Rhodobacter sphaeroides. The models used for the calculations of the Q7' binding pocket
included all short-range interactions of the ubiquinone with the protein surroundings in a gradual
manner and thus allowed a decomposition and detailed analysis of the different specific interactions.
Comparison of the obtained hyperfine and quadrupole couplings with experimental data demon-
strates the feasibility and reliability of calculations on such complex biologically relevant systems.
With these results, the interpretation of previously published 3-pulse electron spin echo envelope
modulation data could be extended and an assignment of the observed double quantum peak to a
specific amino acid is proposed. The computations provide evidence for a slightly altered binding
site geometry for the Q, ground state as investigated by X-ray crystallography with respect to the
Qx" anion radical state as accessible via EPR spectroscopy. This new geometry leads to improved
fits of the W-band correlated-coupled radical pair spectra of Q. '-P;;; compared to orientation data
from the crystal structure. Finally, a correlation of the N quadrupole parameters of His219 with
the hydrogen bond geometry and a comparison with previous systematic studies on the influence of
hydrogen bond geometry on quadrupole coupling parameters (J. Fritscher: Phys. Chem. Chem. Phys.
6, 4950-4956, 2004) is presented.

1 Introduction

Magnetic resonance spectroscopic techniques [1, 2] such as electron paramagnetic
resonance (EPR), electron—nuclear double resonance (ENDOR) or electron spin
echo envelope modulation (ESEEM) can provide quadrupole coupling (QC) and
hyperfine coupling (HFC) tensor eigenvalues and orientations. Due to various
reasons, however, e.g., lack of single crystals, overlap of spectral lines or line
broadening effects, it is often not possible to extract all the spectral information,
to assign all coupling constants to the different interacting nuclei or to relate
relative tensor orientations to the molecular or g-tensor frame. It has been shown
that density functional theory [3] (DFT) calculations are capable of predicting
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such HFC tensors for organic radicals [4-7], whereas the treatment of transition
metal systems is also possible but in general much more difficult [7-10]. There
are also systematic DFT studies of QC tensors for different nuclei and molecules
that demonstrate the reliability of such theoretical predictions [11-19]. These
results suggest that quantum chemical calculations based on the (unrestricted)
Kohn—~Sham formalism can be the missing link between magnetic resonance data
and molecular structure. It is now desirable to extend the systems under con-
sideration to (macro)molecules involved in important biological processes. This
approach has so far been successfully applied to study, e.g., [NiFe] hydrogenase
[20, 21], B,,-dependent glutamate mutase [22], (bacterio-)chlorophylls [23, 24],
blue copper proteins {25, 26], coenzyme B, [27], small a-helix and B-sheet
protein fragments [28], the hammerhead ribozyme [29], ribonucleotide reductase
[30], cytochrome P450 [31] and quinol oxidase [32].

The first stable electron acceptor, Q, {a ubiquinone-10 molecule), from bac-
terial reaction centers (bRCs) of Rhodobacter sphaeroides plays an important
role in the electron transfer processes of bacterial photosynthesis [33, 34]. It
serves as a one-electron acceptor and donor in the light-induced electron trans-
port chain. Q, receives an electron from a bacteriopheophytin anion radical, is
reduced to Q. and passes the electron on to the isostructural secondary quinone
acceptor Qg within about 200 ps. In contrast to Qg, which successively accepts
two electrons and two protons and then leaves its binding site as QgH,, Q, only
alternates between the fully oxidized and anionic semiquinone state and never
becomes fully reduced. The two ubiquinones Q, and Qg act as a two-electron
gate transducing the one-electron photochemical excitation event into a two-
electron transfer process. The different redox or magnetic properties of the two
isostructural ubiquinones must result from different binding environments in the
protein [35]. Q, is positioned in a well defined rigid binding pocket constituted
by the amino acid residues His219, Trp252, Ala260 and Ile265 (see Fig. 1).
From the crystal structure [36] it is suggested to be bound to the protein sur-
roundings via two hydrogen bonds to the NH group of the His219 imidazole
ring and the backbone NH group of Ala260. Q, has been thoroughly studied
previously by EPR, ENDOR and ESEEM spectroscopy (for a review see ref.
35 and references therein as well as ref. 37) as well as by Fourier transform
infrared (FTIR) spectroscopy [38—40]. Furthermore, several well-resolved X-ray
structures of the Q, ground state are available [36, 41, 42]. Additionally, pulsed
and high-field EPR spectroscopy on the light-induced radical pair Q; -Ps allowed
to obtain structural information on the distance R, exchange coupling J [43] and
the relative orientation of the dipolar axis R with respect to the Q" g-tensor
axis system [44]. Due to the large amount of available experimental information,
the Q7" binding site is a good test system for quantum chemical calculations of
EPR parameters. Such calculations might moreover be helpful to gain further
insight into structural details of the Q, binding site or into mechanisms leading
to specific magnetic interactions.

So far, there are several theoretical studies on ubiquinone models which also
relate to Q, in bRCs of Rhodobacter sphaeroides [45-53]. Most of them [45,
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Fig. 1. Structure of the maximum-sized model of the Q7 binding site (M4) as taken from crystal
structure data and partially optimized. Only quinone and hydrogen bonded hydrogen atoms are shown.
Residue labeling according to Stowell et al. [36].

47-49, 52, 53] also deal with EPR parameters, e.g., with the calculation of qui-
none HFC constants or electronic g-tensors. In this study unrestricted hybrid DFT
is used to examine HFC and QC tensors as well as spin density distributions of
various models of the Q. binding pocket. For all calculations the coordinates of
Stowell et al. [36] at a resolution of 0.26 nm are employed as a starting point.
The influence of several surrounding amino acids, a bivalent Zn** metal center'
and geometry relaxation of the ubisemiquinone on the magnetic properties of the
Q. binding site are discussed. The different models used in the present work
take into account all short-range interactions of the quinone with the protein
in a step-by-step manner. Despite the fact that already a number of quantum
chemical calculations on Q. exist, we for the first time included all of these
electronic, electrostatic and steric effects explicitly in a theoretical treatment of
this system. Here, the major focus is put on the "N HFC and QC parameters
of the two hydrogen bonding partners of the quinone, His219 and Ala260, as
well as the orientation of Q" in its binding site.

! In the samples that are used to perform the EPR experiments the native paramagnetic Fe* is often
substituted by the diamagnetic Zn?* or just removed to avoid line broadening effects due to fast
spin relaxation by the high-spin Fe?*.
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2 Theoretical Background and Computational Details
2.1 Hyperfine Coupling Tensor

The HFC tensor A expresses the interaction between unpaired electrons and mag-
netic nuclei N [54, 55]. It can be divided into an isotropic and an anisotropic
(dipolar) part, 4, and T respectively, according to

A,(N) = T, (N) + 8, 4, (N),

where 6 is the Kronecker delta and i, j = x, y, z. The isotropic HFC constants
(HFCCs) correspond to the Fermi contact interactions and can in the first-order
approximation (neglecting spin—orbit effects) be obtained via

A (V) = 2 BBz, DY ALOILCNTY

with g, and g, as the electron and nuclear g-values, S, and S as the Bohr and
nuclear magneton, (S,) as the expectation value of the z component of the total
electronic spin, BS” # as the spin density matrix and R, as the position vector of
nucleus N. The summation runs over the atomic orbitals ¢,

In the first-order approximation the components of the anisotropic tensor are
given by

1
T, (N) = 3 BBug8n (52 T B, I3 38, = 3,1y I,
uv

Here, ry, = r — R, defines the position of the electron at r with respect to the
nucleus N at R,,.

2.2 Quadrupole Coupling Tensor

The QC tensor Q is a traceless tensor which describes the interaction of a nuclear
electric quadrupole moment Q, due to a nonspherical nuclear charge density
(for /> 1/2) with the electric field of the surrounding electrons [56]. Its matrix
elements are defined as [57]:

€Oy

RN

(M),

where V) are the components of the electric field gradient (EFG) tensor. On
the basis of the EFG tensor, one can define the QC constant (QCC) y and the
asymmetry parameter 5 as

Z(N) = eQNI;_“.(N), _ V() -V, (N)

and n(N)= 7
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with |V | = [V | Z |V,,|. The value of 5 lies between 0 and 1, and in case of axial
symmetry, one obtains |V | = [V | and n = 0. As the EFG tensor is traceless, ¥ and
n are sufficient to fully describe the tensor in its principal axis system. For the cal-
culations of the QCCs standard nuclear quadrupole moments of Q(**N) = 2.044(3)
fin? as published by Tokman et al. [58] and Q\(*H) = 0.2860(15) fm? as reported
by Bishop and Cheung [59] (see also ref. 60) were used. As in many other stud-
ies [11, 12, 19, 27, 28] the nuclear quadrupole moments were not calibrated for
the applied theoretical methods. Using the above mentioned values for Q it was
possible to calculate the QCCs directly from the V,, eigenvalues of the EFGs
obtained from the computations.

2.3 Computational Details

All calculations in the present study were carried out using standard methods
and basis sets as implemented in the Gaussian 98 [61] program package. All
computations were done for the paramagnetic anion radical state of the quin(;ne
and using the unrestricted Kohn—Sham formalism or PM3 method. For calcula-
tions of HFC and EFG tensors a combination of Becke’s three-parameter hybrid
functional B3 [62] and of Perdew and Wang’s correlation functional PW91 [63,
64] was applied together with the 6-31G(d) basis set in all cases. Tight SCF
criteria and ultrafine integration grids were used in all property computations.
Comparison with results from a calculation for one of the smaller models (M1,
see below) employing the larger EPR-II basis set (data not shown) revealed that
differences were usually below 10% except for the isotropic C-1/C-4 and O-1/0-4
HFC constants for which larger deviations were observed. Thus the choice of the
6-31G(d) basis set is justified, especially since a main focus of this work is set
on the hydrogen-bound amino acid ligands. Partial geometry optimizations were
performed using the semiempirical PM3 method [65, 66]. It has been shown
previously that the use of PM3 geometries for HFC constant calculations leads
to good results for hydrogen bonded semiquinone anion radicals [47, 67, 68].

2.4 Structural Models for Q] Binding Site

The different structural models of the quinone binding site consist of Q, and several
of the surrounding amino acid residues (see Table 1 and Fig. 1). The coordinates
of all models were taken from the crystal structure of Stowell et al. [36] and hy-
drogen atoms were added using standard bond lengths and angles. The isoprenoid
side chain of Q, was shortened to yield a C, alkyl chain. With these structures
as starting points, partial optimizations of selected atoms were performed. In the
smallest model (M1) only Q, and the directly hydrogen bonded amino acids His219
and Ala260 (in conjunction with parts from Asn259) were taken into account. In
models M2 and M3a/b the residues Trp252 and 1le265 were included, respectively,
to consider electronic m—m interactions as well as steric constraints for Q,. M3a
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Table 1. Overview of the different structural models of the Q,° binding site from bRCs of R.
sphaeroides (M1-M4) as employed in the calculations. All amino acids are from the M chain un-
less otherwise denoted.

Model Residues

M1 Qi + His219 + Ala260*

M2 QL + His219 + Ala260° + Trp252

M3a/b Qr + His219 + Ala260° + Trp252 + 11e265

M4 Q1" + His219 + Ala260° + Trp252 + 11e265 + Zn** and ligands®

* In conjunction with parts from Asn259.
® Glu234 and His266 from the M chain and His190 and His230 from the L chain.

represents a well-defined model of the binding pocket and can therefore be used for
a full geometry optimization of the quinone within the fixed amino acid framework
(leading to M3b). Finally in model M4 the non-heme Fe?* ton (which is directly
coordinated to His219) from the crystal structure was replaced by Zn?* and added
together with its first ligand sphere (His190 and His230 from the L chain and
Glu234 and His266 from the M chain; see Fig. 1). Inclusion of all metal ligands
is important for a correct description of the charge distribution and thus especially
for a correct prediction of the EFG tensors. It should be briefly mentioned that
the role of the Zn?* ion has previously been discussed in the context of C-1/C-4
and O-1/0-4 HFC tensors by O’Malley [52]. The structural models were chosen
to account for all short-range interactions with the immediate protein surroundings,
such as hydrogen bonding as well as steric, electronic and electrostatic interactions,
in a successive way.

In all models some of the amino acid backbone or sidechain atoms were
neglected according to Fig. 1 to keep the computational models as simple as
possible. Table 1 shows an overview of the various models for the Q. bind-
ing site and Fig. 2 explains the nomenclature used in this work to distinguish
between the different interacting magnetic nuclei.

Fig. 2. Definition of the atom labeling scheme for the Q" binding site. Only quinone and hydrogen-
bonded hydrogen atoms are shown.
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3 Results and Discussion

The EPR properties of the binding site models for Q. from bRCs of Rhodobacter
sphaeroides are investigated by comparing the results for the different geometric
models described above (M1-M4). The influence of the various surrounding amino
acids on the magnetic resonance parameters and the relation of the theoretical pa-
rameters to experimental values as well as the implications for the structure of the

Table 2. Theoretical Q;* EPR parameters for various models of the Q" binding site from bRCs
of R. sphaeroides (M1-M4) as calculated on the UB3PW91/6-31G(d)//UPM3 level of theory and
comparison with experimental data. All HFC and QC constants are in MHz.

Parameter M1? M2? M3a® M3b® M4° Exp.*
4,,(C1) +2.57 +2.72 +2.55 +4.43 +228  (—)1.5(13)
4.(3C1) -7.76 -7.75 ~7.87 ~6.45 778 (=)12.6(17)
4,(5Ct) -3.88 -3.86 ~3.99 -2.81 —3.97  (=)14.6(17)
A4.(BCl) +19.34 +19.77 +19.51 +22.55 +18.59 (+)22.7(6)
4,(Ca) +9.01 +8.99 +7.57 +7.68  +1141  (+)5.3(13)
A_(C4) -3.64 -3.53 ~433 -4.47 235 (=)9.2(17)
A_',_‘,(13C4) —0.48 -0.36 -1.14 -1.17 +0.66 (-)9.8(17)
A(7C4) +3115 43085  +28.18  +28.69  +3592  (+)35.0(6)
A4, ('"01) —-23.41 —-23.32 —-22.76 -21.59 —-22.04 —
4.(701) +12.94  +13.09  +13.64  +13.31 +13.68 —
Aw(”OI) +12.39 +12.54 +13.07 +12.76 +13.15 —
4_(701) -9556  —9559  —9499  —90.84  —9295 (—)94(l)
A4,(704) -19.09 -19.04 -19.63 —-20.82 -21.07 —
A,(704) +12.44 +12.38 +12.23 +12.19 +10.47 —
A”,(”04) +11.93 +11.86 +11.67 +11.67 +9.86 -
A_(1704) -81.64  ~8135  —-8279  -8633  -8354 (=)75(1)

A ('Heys)" +3.25 +2.75 +3.83 +4.90 347 (+)450)
A, (He)! +1.50 +1.04 +2.06 +3.24 +1.86  (+)3.2(2)
A, (Hep) +2.44 +1.99 +2.95 +4.04 +2.65  (+)3.602)
A_('Heg)! +5.82 +5.23 +6.49 +7.42 +591  (+)6.82)
A (Heyoy) +0.81 +0.75 +0.25 +0.89 +0.86 —

A (Heys) ~1.55 ~1.60 -2.12 -1.33 ~1.36 —

A (He) -0.41 ~0.49 ~1.01 —0.24 ~0.28 —
A('Her) +4.39 +4.34 +3.88 +4.24 +4.22 -

A (Hean) +4.32 +4.34 +4.99 +4.60 +579  (+)6.42)
A ("Hey) +2.70 +2.74 +3.43 +3.16 +436  (+)5.02)
A (Hega) +3.48 +3.47 +4.16 +3.89 +5.03  (+)5.6(2)
A_('Hp) +6.77 +6.81 +7.38 +6.75 +7.99  (+)8.6(2)

# Only hydrogen bond atoms C, O, H and N were optimized.
® Q" and hydrogen bond NH groups optimized.

¢ See ref. 35 and references therein as well as ref. 76.

4 The 'H hyperfine couplings of the quinone methyl group were calculated by averaging the values
for all three hydrogen atoms (4 = (4, + A4, + 4,)/3), i.e., assuming a rapid rotation of the methyl
group under experimental conditions. This procedure has been successfully applied previously by

Eriksson et al. [77], but see also ref. 78 for a critical discussion.
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binding site are discussed. Furthermore, the amino nitrogen quadrupole parameters
of His219 are related to the hydrogen bond geometry.

Tables 2 and 3 show the computed EPR parameters for the various models
(M1-M4) of the Q. binding site. The EPR parameters were calculated on the
B3PW91/6-31G(d) level using PM3-optimized geometries. In some of the partial
geometry optimizations (M1-M3a) only the CO--HN hydrogen bond atoms on
both sides of the semiquinone were optimized, while the rest of the structure
was kept fixed, and in other computations (M3b and M4) the whole semiquinone
and the NH groups of the hydrogen bonded amino acids His219 and Ala260
were able to freely rearrange within the fixed frame of the surrounding residues
defining the binding pocket.

Table 3. Theoretical His219 and Ala260 EPR parameters for various models of the Q" binding site
from bRCs of R. sphaeroides (M1-M4) as calculated on the UB3PW91/6-31G(d)//UPM3 level of
theory and comparison with experimental data. All HFC and QC constants are in MHz.

Residues Parameter M1 M2: M3a® M3b® M4° Exp.°
His219 1("Nyw) +1.889  +1.911 +1.914  +1914  +1.506 (+)1.65(5)
("N 0.342 0.317 0.286 0.297 0.649 0.73
20N +4.332  +4337  +4.253  +4250  +2.360 —
n("*Ny) 0.061 0.063 0.081 0.076 0.363 —
FCHy ~0222  -0223 0221  -0227 -0.196 (—)0.168
n(CHy) 0.135 0.135 0.125 0.128 0.121 0.024
A ("N +2.63 +2.55 +2.44 +2.66 +2.44 ~2
A ("N +2.31 +2.23 +2.14 +2.35 +2.19 ~1.8
A4,(*Nyy) +2.36 +2.28 +2.19 +2.40 +2.23 ~1.8
4.("Ny) +3.22 +3.14 +2.99 +3.24 +2.91 ~2.4
A ('Hy) ~0.87 -0.96 ~1.10 ~0.92 -0.06  (-)1.2
A (‘Hy) ~-6.41 ~6.46 —6.32 —-6.35 -522  (-)64
A, (Hy) -5.88 ~5.92 ~5.90 ~6.00 -4.78  (~)6.4
A.('Hyy +9.69 +9.49 +8.93 +9.59 +9.82  (+)9.1
Ala260 XNy +3.307 +3.320 +3.422  +3413 +3.491  (+)3.05(5)
7("* Ny 0.291 0.281 0.437 0.424 0.387 0.54
2CHu) -0.207  -0209  —0.211 -0213  -0218 (—)0.202
nCH) 0.218 0.216 0.223 0.210 0.206 0.386
A "Ny -0.05 —-0.09 +0.20 +1.38 +1.09 ~2
A (N -0.23 —-0.26 —-0.05 +1.09 +0.82 ~1.8
Ay (“Nyw) -0.21 ~0.24 -0.03 +1.11 +0.83 ~1.8
A ("N +0.28 +0.24 +0.68 +1.94 +1.62 ~2.4
Aigo('Hyg) —-0.44 -0.39 -0.81 ~1.57 -1.49  (—)0.2
A ('Hy) —-4.09 —-4.02 —~4.64 ~6.59 -628  (—)4.8
A, (Hyy) ~3.90 -3.82 —-4.46 —-6.23 -592 (—)48
A (‘Hyw +6.67 +6.67 +6.67 +8.11 +7.73  (+)9.1

2 Only hydrogen bond atoms C, O, H and N were optimized.
® Q1" and hydrogen bond NH groups optimized.
¢ See ref. 35 and references therein as well as refs. 37 and 73.
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Fig. 3. Correlation between experimental (for references see Tables 2 and 3) and calculated EPR
parameters of the Q7" binding site. The theoretical values for the HFCCs and QCCs were taken from
the computation for model M4. The total range of coupling constants is shown in a, whereas b depicts
a magnification of the area from —2 to +7 MHz. All values are in megahertz and for some of the
experimental data error bars are shown in b. The dashed line represents the ideal correlation.

Before drawing any conclusions from the calculations, a comparison of these
results with experimental data is required to prove the reliability of the compu-
tational methods and demonstrate that such theoretical predictions are feasible
for complex biological systems using rather small structural models. A good cor-
relation between experiment and theory as depicted in Fig. 3 is obtained. This
graph includes all experimental values from Table 2, the QCCs and 'H HFCCs
from Table 3 and the theoretical values from model M4 which should be the
most realistic model of the Q" binding site. Most of the computed values lie
within a 15% range around the corresponding experimental values.

A comparison of the results of the computations for the models M1-M3a
reveals that the inclusion of Trp252 and I1e265 does not dramatically influence
the HFC or QC parameters of the semiquinone or its directly bound ligands.?
Only the rather sensitive asymmetry parameters of the nitrogen atoms of the NH
groups of His219 and Ala260 as well as some components of the *C4, 704,
methyl and methylene HFC tensors change slightly, especially when introducing
[le265. Much larger alterations of EPR parameters are observed when going to
the optimized structure of M3b or particularly when including the Zn** jon with
its ligands in M4. The most interesting changes on which we focus here concern
the nitrogens of the hydrogen-bonded amino acid residues. One major differ-
ence in the EPR parameters of the optimized models (M3b and M4) compared
to M1-M3a is the value of the isotropic N HFCC of the Ala260 backbone

? For an investigation of quinone-tryptophan interactions and the implications for the energetics and
the electronic g-tensors of such systems see, e.g., ref. 69.
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nitrogen (4,,(**Nyg)) which changes from +0.20 (M3a) to +1.38 (M3b) or
+1.09 MHz (M4). This increase of spin density on the alanine nitrogen can be
understood when comparing the different optimized structures. Figure 4 visualizes
the rearrangement of the semiquinone within its binding pocket upon geometry
optimization for M4. Q.° mainly rotates in the quinone plane which leads to a
slight elongation of the N-O distance and a slight shortening of the H-O distance
at the Ala260 site (Table 4). The structure at the His219 site does not change
significantly. Therefore, the overall effect of the reorientation is a linearization
of the hydrogen bonds, i.e., of the N-H---O sequence of atoms, especially for
the alanine hydrogen bond. This linearization enables a more efficient orbital
overlap and therefore an increased transfer of spin density from the quinone to
the ligand nitrogens leading to larger isotropic HFCCs in good agreement with
the experimental data.

In line with the observation that there is a structural difference between the
neutral and radical anion state, Sinnecker et al. [19] have also found that the
hydrogen bond between a benzoquinone and a water gets shorter by about 0.025
nm upon formation of the radical anion. This might in general be of importance
for comparison of calculation on the paramagnetic quinone state with crystal
structure data that often involve diamagnetic quinones.

It should be mentioned that the optimized orientation of the semiquinone
molecule in model M4 leads to a better agreement with the fit of the W-band
correlated-coupled radical pair spectra of Q. -P;;; [44] compared to the X-ray
structure data. The low-field part of the spin-polarized spectra is determined solely
by the length as well as orientation of the interconnecting vector R between Q"
and PJ; with respect to the quinone g-tensor axis system, assuming a negligible
exchange interaction between them [43, 70]. The optimum fit values for the
polar angles of the R vector in the quinone g-tensor axis system are 8 = 79.4°
and ¢ = 62.3°, whereas the M4 geometry-optimized values are 8§ = 81.1° and
¢ = 56.7°, compared to the original values from the X-ray structure [36] of
6 = 74.8° and ¢ = 72.4°.

Model M4 was also chosen to account for effects due to the positive charges
of the divalent zinc ion. Here, a shortening of the N-O and the H-O distance at
the His219 site compared to M3b (Table 4), i.e., a stronger interaction between

Fig. 4. Rearrangement of Q" upon partial geometry optimization (PM3) from a top (a) and side

view (b). The optimized structure (M4) is shown in a grayscale ball and stick representation, the

crystal structure in a thin one-color ball and stick representation. Most hydrogen atoms, Trp252,
1265 and Zn®** with further ligands are omitted for clarity.
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Table 4. Important geometric hydrogen bond parameters for various models of the Q. binding site
from bRCs of R. sphaeroides (M1-M4) as calculated on the UPM3 level of theory and comparison
with crystallographic data. Bond lengths are in nanometers.

Bond length MI1? M2? M3a® M3b® M4® Crystal®
F(N,;,~O4) 0.272 0.273 0271 0.273 0.266 0.291
r(H,;~04) 0.175 0.176 0.177 0.177 0.171 —
r(N,,—~O1) 0.279 0.278 0.277 0.282 0.284 0.283
r(H,,-O1) 0.184 0.184 0.184 0.180 0.182 —

? Only hydrogen bond atoms C, O, H and N were optimized.
® Q;" and hydrogen bond NH groups optimized.
¢ From ref. 36.

Qx' and its ligand, is observed. Due to this rearrangement the distance between
the semiquinone and Ala260 slightly increases and the corresponding isotropic
HFCC of the alanine nitrogen slightly reduces. However, even though there are
no major structural changes when going from M3b to M4, large changes of the
quadrupole parameters of the His219 nitrogen atoms are observed. The QCC
of the amino nitrogen y('*Ny,) decreases from +1.914 (M3b) to +1.506 MHz
(M4) and the one of the imino nitrogen (y('*Ny)) even from +4.250 (M3b) to
+2.360 MHz (M4). The asymmetry parameters ("N ) increase from 0.297 to
0.649 and from 0.076 to 0.363, respectively. Altogether these changes lead to a
better agreement with experimental data for M4. As a conclusion, it is possible
to say that Trp252 and [le265 do not significantly influence the HFC and QC
parameters of the Q. site but they are necessary to define the binding pocket
in further calculations where the semiquinone is allowed to rearrange. However,
this structural reorientation together with the influence of the Zn?>* ion signifi-
cantly alter certain EPR parameters of the hydrogen-bonded amino acid residues
His219 and Ala260.

In order to further disentangle direct (electrostatic or electronic) influences
of the zinc ion and indirect influences due to structural changes induced in M4,
an EPR parameter calculation was performed for a model system based on the
optimized geometry M4 but where the Zn?* and its ligands (except His219) were
deleted. The structure of this model was not optimized again. Without includ-
ing the divalent metal explicitly, the QC parameters of His219 were computed
to be y("“*Nyy) = +1.808 and 7("*Nyy) = 0.393 as well as y("“Ny) = +4.249 and
7("*Ny) = 0.067 for the amino and imino nitrogens, respectively. A comparison
of these results with the QC parameters of the models M3b and M4 (see Table
3) indicates that structural changes like the shortening of the N, —04 distance
(Table 4) as well as direct effects of the metal ion are important to reproduce
the QC parameters of His219. When going from M3b to the truncated M4 model,
the amino QC constant slightly decreases and the asymmetry parameter increases,
whereas the imino QC parameters remain virtually constant. These influences
due to structural changes are considerably smaller than those of the Zn?* itself.
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When going from the modified M4 model to M4, the amino and the imino QC
constants decrease and the asymmetry parameters increase. In summary, these
results reveal a pronounced direct influence of the zinc ion on the His219 QC
parameters (see also the discussion of metal influence below).

One important point that is discussed in depth in the experimental literature
is the strength of the two hydrogen bonds of Q5 [35]. The formation of a hy-
drogen bond to one of the carbonyl oxygens of the semiquinone anion radical
leads to a shift of spin density and charges within the semiquinone ring. The
bound oxygen will possess a larger negative charge to stabilize the hydrogen
bonding interaction and thus the spin density will partly be shifted within the
semiquinone. When two hydrogen bonds, one at each carbonyl oxygen of the
semiquinone, are present, there will be competing mechanisms shifting spin den-
sity and charges. In that case the dominating effect will be due to the stronger
one of the two hydrogen bonds, i.e., the carbonyl oxygen involved in the stronger
bond will possess a larger negative charge than the other and the spin density
will partly be shifted to the opposite side of the semiquinone. Figure 5a depicts
this schematically for the Q' binding site assuming a stronger hydrogen bond to
His219. Here, the negative charge is localized at the carbonyl oxygen coordinated
to the histidine ligand indicating a stabilized bond and the mesomeric structures
visualize the increase of spin density at the opposite side of the ring system.
Experimental data show that this is exactly the situation in the Q" pocket and
that the hydrogen bond to His219 is slightly stronger than that to Ala260 [35].

a Ala A'Ia Alla Alla
o o o o
HaCO R H,CO R HaCO R HCO R
HsCO CHs  HsCO CHs  HsCO CHs  HsCO CHq
0o oS Qo %o
His His His His

Fig. 5. a Simple valence bond model to explain the charge and spin density distribution of Q;" in

its binding pocket. Energetically favored mesomeric structures are shown for the case of a stronger

hydrogen bond interaction to His. b Schematic representation of the total atomic spin densities (in
a.u.) from a Mulliken population analysis for model M4.



Investigation of Q,'-Ligand Interactions in Bacterial Reaction Centers 263

A comparison of this experimental prediction with the calculations for model
M4 exhibits a very good agreement. The Mulliken population analysis yields a
slightly larger negative charge for O-4 (—0.67 a.u.) than for O-1 (—0.61 au.)
and a total atomic spin density distribution schematically presented in Fig. 5b.
The spin density at O-1 is larger than at O-4, at C-4 it is larger than at C-1,
and at C-2 and C-6 the spin density is larger than at C-3 and C-5. This asym-
metric charge and spin density distribution corresponds to mesomeric structures
as shown in Fig. 5a revealing a stronger hydrogen bonding interaction to the
His219 residue in perfect accordance with the experimental results and a previ-
ous theoretical study [52].

On the basis of this convincing agreement between theory and experiment
it is possible to use quantum chemistry to interpret EPR spectroscopical data
for this system and correlate it to molecular structure. From 3-pulse ESEEM
measurements of Lendzian et al. [71] and Spoyalov et al. [72] it is known that
the unpaired electron of the Q,* semiquinone anion radical interacts with two
different nitrogen nuclei which were assigned to the backbone nitrogen of Ala260
and the amino nitrogen of His219. For both nitrogens the QC parameters could
be extracted from the corresponding v,, v, and v_ frequency sets of one-electron
spin manifold when assuming the validity of the exact cancellation condition [2]
for this manifold. To fulfill this condition and thus get sharp lines in the fre-
quency domain ESEEM spectra, there has to be a certain amount of spin density
at the positions of the nuclei which corresponds to isotropic N HFCCs of about
2 MHz. However, no exact specification of the size of these couplings could
be given because only one double quantum frequency vy, of the other electron
spin manifold for one nitrogen was observed in the frequency domain 3-pulse
ESEEM spectra. Furthermore, this frequency could not be assigned to one of the
two nitrogen nuclei. To gain further experimental information about the isotropic
HFCCs, simulations of the 3-pulse ESEEM measurements would be necessary.
Additionally, two-dimensional correlation experiments such as HYSCORE would
be needed to assign the double quantum peak of the second electron spin mani-
fold at v,, to the corresponding characteristic v,, v, and v_ frequencies.

When looking at the computational results of model M3a (without Q, rear-
rangement) one finds for 4,,("*Ny,) of His219 a value of +2.44 MHz and for
Ala260 a value of +0.20 MHz. The Ala260 HFCC is much smaller than the
experimental value of ca. 2 MHz, i.e., the structure used for the computations
does not reflect the experimental data. In contrast to that, the calculations with
the optimized orientations of Q" yield larger isotropic couplings for the alanine
nitrogen of +1.38 (M3b) and +1.09 MHz (M4) that are closer to the experi-
mental estimation. The HFCCs for the histidine amino nitrogen do not change
significantly for M3b (+2.66 MHz) and M4 (+2.44 MHz). These theoretical data
indicate that the binding site geometry of the Q' anion radical state accessible
via EPR spectroscopy is slightly altered with respect to the geometry of the Q,
ground state as investigated by X-ray crystallography as a structural reorienta-
tion is necessary to predict HFCCs that fit the experimental data. However, it
should be noted that the rearrangement is only slightly larger than the estimated
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error in atomic positions of roughly 0.09 nm (one third of the crystal structure
resolution) for the crystal structure. Besides yielding this structural information,
the calculations also help to assign the double quantum frequency v,, observable
in the 3-pulse ESEEM spectra to a specific nitrogen. Assuming that v,  belongs
to His219 or Ala260, it is possible to calculate the corresponding isotropic HF-
CCs for these two hypothetical cases: +1.8 or +1.1 MHz, respectively [72].
A comparison of these values with the computed couplings of +2.44 MHz for
His219 and +1.09 MHz for Ala260 reveals that the hypothetical value for alanine
comes closer to the corresponding theoretical coupling value than for histidine.
Therefore, it can be suggested that the observed double quantum peak belongs
to the Ala260 backbone nitrogen.

A comparison of the QC parameters of the hydrogen-bonded nitrogens of
His219 and Ala260 from the models M3b and M4 with the values from ESEEM
spectroscopy shows very good agreement for M4. Concerning M3b, only both
QCCs and the asymmetry parameter of Ala260 show good agreement, whereas
the asymmetry parameter of the His219 amino nitrogen (0.297) deviates sig-
nificantly from the experimental value (0.73). Therefore, the influence from the
divalent metal ion (Zn?*) which strongly alters this parameter are required for
a correct description of the electronic situation at the His219 site (see also the
discussion of metal influence above and below). Again, the excellent agreement
between theory (M4) and experiment allows a correlation between spectroscopic
data and molecular structure.

The *H QC parameters of the hydrogen bonds (Table 3) are rather insensitive
to any of the applied changes of the molecular geomeiry or the model size. For
M4 one obtains for the ?H from the NH of His219 a y of —0.196 MHz and a 5
of 0.121 and for Ala260 a y of ~0.218 MHz and a # of 0.206 in good agree-
ment with the experimental values [73]. The 'H HFC tensors of the hydrogen
bonds are strongly anisotropic and the isotropic HFCCs have negative signs, i.e.,
the spin density at the corresponding nuclei is due to spin polarization effects.
In the literature there are different interpretations concerning the detectable 'H
ENDOR frequencies [35, 74]. A very recent study using differing exchange times
for D,0 now has conclusively assigned the HFCCs from exchangeable protons
[37]. The results obtained and their assignments (see Table 3) agree well with
those predicted by our computational results.

Finally, we are going to discuss the calculated "N QC parameters of His219
in the context of the hydrogen bond geometry and compare these data with results
of systematic studies described for the imidazole—water and methylimidazole-
benzosemiquinone systems in ref. 75.

First of all, the models M1-M3a/b are considered because the QC parameters
of the amino and imino nitrogens of His219 are very similar for all of these
models. For the imino nitrogen, the QCC as well as the asymmetry parameter are
similar to those of free histidine (QC parameters for a free methylimidazole with
a structure as in model M4: y = 2.740 MHz and # = 0.431 as well as y = 4.314
MHz and 5 = 0.113 for the amino and imino nitrogens, respectively) but for the
amino nitrogen y = +1.914 MHz (for M3b) is smaller than for free histidine.?
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According to the results for the methylimidazole-benzosemiquinone system, this
indicates a hydrogen bonding interaction to the amino group with a hydrogen
bond length shorter than about 0.3 nm. Table 4 shows that this is indeed true
as the O-N distance ranges from 0.271 to 0.273 nm for M1-M3b.

However, when moving on to M4, the situation becomes more complicated
by the additional His219-Zn** interaction. Such effects have not been included
in the systematic studies and render an analysis much more difficult. In this case
also the imino QC parameters deviate significantly from the free values due to
the altered electric field gradient at this atomic position. For the amino nitrogen
the QCC is even a bit smaller than for the other three models but the asym-
metry parameter is much larger than before and also larger than the free value.
Following the systematic trends [75] this would suggest a considerably shortened
hydrogen bond. However, this is not the case since the bond length decreases
by only about 0.006 nm compared to M1-M3a/b. Such a small change cannot
fully account for the dramatic increase of # (see also above for a discussion
about direct and indirect influences of the metal). Therefore, in that case effects
other than just the hydrogen bond geometry might have an influence on the QC
parameters and the simple rules from the systematic studies might not be suf-
ficient to completely describe the quadrupole interaction. It should be noted that
it cannot be excluded on the basis of the present computations that part of this
increase of the asymmetry parameter may be due to the slightly distorted ring
geometry around the amino nitrogen as taken from the crystal structure. Another
important point to notice is that the metal ion considerably alters the imino
nitrogen parameters, the QC constant decreases and the asymmetry parameter
increases upon inclusion of Zn** and its ligands.

4 Conclusions

For the Q" binding site from bRCs of Rhodobacter sphaeroides it was demonstrat-
ed by correlation with experimental data that theoretical studies of EPR parameters
and spin density distributions on such complex biological systems are feasible and
yield reliable results. On the basis of this convincing agreement between theory
and experiment, the computational results were used to extend the interpretation
of existing spectroscopic data and correlate these data with molecular structure.
Furthermore, the different specific semiquinone—protein interactions and their in-
fluence on the EPR parameters of the binding pocket were analyzed in detail by
using structural models that include these interactions step by step.

The selected strategy of comparing experimentally estimated and calculated
isotropic N HFCCs of the hydrogen bonded His219 and Ala260 residues for

3 It should be noted that the fact that the asymmetry parameter of » = 0.297 (for M3b) is smaller
than for the free methylimidazole is due to the slightly distorted structure of the five-membered
ring as taken from the crystal structure. It does thus not reflect a systematic behavior as described
in ref. 75 but can to some extent be considered as an artefact caused by the structural model.
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different structural models led to new information about the orientation of Qy”
in the binding site and indicated that the binding site geometry of the Q" anion
radical state is slightly altered with respect to the crystal structure of the Q,
ground state. This structural reorientation upon geometry optimization as well
as the inclusion of the divalent metal ion significantly influence certain EPR
parameters of the hydrogen bonded amino acid residues His219 and Ala260
and are necessary to fit the experimental data. Moreover, the slight reorienta-
tion of the semiquinone molecule in model M4 is in agreement with W-band
correlated-coupled radical pair spectra of Q'-Pj;; [44]. The orientation of the
dipolar vector R with respect to the Q" g-tensor axis system of this structure is
in better agreement with the obtained optimal fit values than the X-ray structure
orientation data. In addition to this structural information, the computations also
allowed us to suggest an assignment of the observed double quantum frequency
from 3-pulse ESEEM spectra to the Ala260 backbone nitrogen.

In conclusion, it was possible in this study to successfully employ DFT cal-
culations of EPR parameters to gain more insight into the structure and properties
of Q' and its binding environment in bRCs.
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