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Abstract. Electron paramagnetic resonance (EPR) spectroscopy at W-band (94 GHz) is used to re-
solve the g-tensors of the radical ions of the primary chlorophyll donor P 0 and the quinone accep-
tor A- in photosystem I. The obtained g-tensor principal values are compared with those of the iso-
lated pigment radicals in organic solvents and the shifts are related to an impact of the protein en-
vironment. P has been investigated in photosystem I single crystals at 94 GHz. W-band EPR ap-
plied to the photoinduced radical pair P7o 0A1' is used to correctly assign the g-tensor axes of P 0 to
the molecular structure of the primary donor. Density functional theory calculations on a model of
A-' in its binding pocket derived from the recent crystal structure of photosystem I were utilized to
correlate experimental magnetic resonance parameters with structural elements of the protein.

1 Introduction

Photosystem I (PS I) is a transmembrane protein complex present in oxygenic
photosynthetic species like cyanobacteria, algae and green plants. It is composed
of at least eleven protein subunits and contains about 100 cofactors. It functions
as a light-driven oxidoreductase catalyzing the electron transfer from the lume-
nal to the stromal side of the membrane. Recently the crystal structure of PS I
at a resolution of 0.25 nm was obtained [1]. The arrangement of the cofactors
involved in the first steps of the light-induced charge separation process is shown
in Fig. 1. After light excitation the primary donor P,00, a chlorophyll a dimer,
donates an electron to an electron transport chain comprising Aa, a chlorophyll
a, A t , a phylloquinone (vitamin K„ VK,), and subsequently three [4Fe-4S] clus-
ters Fx, FA and FB. From the donor a radical cation and from all electron accep-
tors radical anions are formed that are amenable to electron paramagnetic reso-
nance (EPR) studies. The EPR investigation of the primary donor cation radical
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P,o0 has recently been described in detail [2]. The structure and function of the
quinone acceptor A, is, however, less well understood. In PS I it acts as an
electron mediator at a very low redox potential compared to the quinones in
bacterial reaction centers and PS II [3]. The unusual properties of the phyllo-
quinone in PS I are also reflected in modified magnetic resonance parameters of
the radical anion indicating a change of the electronic structure. This is seen from
the shifted g-tensor principal values [4] and the increase of the methyl hyper-
fine coupling (hfc) of A, ' compared with the radical anion VKj ' in organic
solvents [5, 6].

EPR at X-band frequency on chlorophyll and quinone radical ions suffers
from limited spectral resolution of the g-tensor components which is caused by
the substantial hf broadening and the rather small g-anisotropy. To overcome this
problem, measurements at higher frequencies were performed, where the increased
Zeeman interaction leads to a better separation of spectral features [7]. First EPR
investigations on VKj ' at Q-band date back to Hales et al. [8] and gave some
information about the g-tensor and hfcs. Burghaus et al. [9] performed EPR in-
vestigations at W-band (95 GHz) on a series of quinone radical anions in proto-

Fig. 1. Top: arrangement of the cofactors in PS I obtained from the X-ray structure analysis [1].
The final acceptors F A and FB are omitted here. The phytyl chains of all cofactors are truncated for
clarity. Bottom: molecular structure of vitamin K, (left) and chlorophyll a (right) with their molecu-

lar axes systems.
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nated and deuterated organic solvents, including VK,- ', and demonstrated the better
resolution of the g-tensors. The observed g-tensor shifts between protic and aprotic
solvents were related to the presence or absence of hydrogen bonds to the quinone
oxygens [9]. High-field EPR experiments on the photoaccumulated radical A 1"

in PS I at 283 GHz [10] and 94 GHz [11] revealed the g-tensor of the phyllo-
quinone anion radical in vivo. A final interpretation of the g-value shifts observed
for this radical in vitro and in the protein is, however, still lacking.

The increased Zeeman resolution at W-band is also obvious in transient (TR)
EPR spectra of the light-induced radical pair (RP) P'o,AT ' [4]. The TR spin-
polarized spectra of such RPs provide a sensitive probe for structural parameters
of the two cofactors involved. Consequently, TR and pulsed EPR spectroscopy
on these RPs are useful complements to crystallographic studies [12-14]. How-
ever, a clear interpretation of the spectra can only be achieved if some of the
parameters entering the numerical simulations of the RP spectra can be provided
by independent experiments. Since the number of magnetic parameters, such as
g-values and hfc constants, determined independently increased considerably for
the cofactors in PS I through the last years, TR-EPR of P7 AT ' can now be used
to remove some remaining ambiguities which could not be settled by other ex-
perimental techniques.

In this paper we review the determination of the g-tensor principal values of
A1' and P7o0 in PS I and compare the data with some new results derived from
the respective model systems in vitro. From high-field EPR experiments of P 0

in PS I single crystals and of P;o 0Aj ' in frozen solution the full orientation of
the g-tensor axes for P 0 is obtained. By density functional theory (DFT) calcu-
lations performed on A,- ' in the protein pocket a possible explanation of the un-
usual EPR parameters of this species is provided. Furthermore, a relationship be-
tween the functional properties of A, in PS I and its electronic structure is dis-
cussed.

2 Materials and Methods

The continuous-wave (cw) EPR experiments at X-band were carried out on a
Bruker ESP300 spectrometer equipped with an ER4102ST (TE 102 rectangular
cavity) and an Oxford ESR910 liquid helium cryostat with Oxford ITC4 tem

-perature control unit. Q-band spectra were recorded on the same spectrometer
with a Bruker EROS  QG microwave bridge and an ER5106QT resonator. EPR
measurements at W-band were performed with a Bruker Elexsys E680 spectrom-
eter with an Oxford CF935 helium cryostat. The magnetic field was calibrated
at all frequencies against a Li:LiF sample (g = 2.002293) [15].

The preparation of PS I particles and the crystallization of PS I from the
cyanobacterium Synechococcus elongatus is described in ref. 16. The mounting
of the PS I single crystals followed a procedure described elsewhere [17]. Gen-
eration of the radical cation P'o0 was achieved by illumination of the frozen
samples in the cavity or by freezing the samples in liquid nitrogen under illumi-
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nation. The light-induced RP P' . ,A,- ' has been generated by in situ repetitive la-
ser irradiation in the W-band cavity via a quartz fiber as described in ref. 17.
For the generation of the radical anion A, ' in PS I a photoaccumulation proce-
dure was used as outlined in ref. 10. PS I particles were prereduced in the dark
for 30 min with 30 mM dithionite in 200 mM glycine buffer at pH 10. The A,
radical anion was then photoaccumulated by illumination, with white light (150 W
halogen lamp) filtered through a water filter for 5 min at 205 K.

VK, was purchased from Merck (98%) and used without further purifica-
tion. The radical anion in isopropanol (IP) was generated with a 10 mM quin-
one solution and a tenfold excess of potassium tert-butylate as a base [18]. In
the ether (mixture of 66% 1,2-dimethoxyethane [DME] and 3% 2-methyltetra-
hydrofurane [MTHF]) the radical was produced electrochemically via cathodic
reduction of a 3 mM quinone solution with a tenfold excess of tetra n-butyl
ammonium tetrafluoroborate as supporting electrolyte. These samples were
prepared on a vacuum line and sealed under vacuum after several freeze-pump-
thaw cycles [18].

The efficiently parallelized DFT code DGauss [19] (BP86/DZVP exchange
correlation functional and basis set) was employed for geometry optimizations
of the radical anion A, ' in its protein pocket. There were no drastic structural
reorientations of the amino acids during the optimization. The g-tensor calcula-
tions were performed on the optimized model with the two-component relativis-
tic ZORA Hamiltonian in the ADF program [20]. HFCs were calculated with the
B3LYP hybrid functional and the EPR II basis set in the Gaussian 98 program
[21].

3 Results and Discussion

3.1 Experiments on PJ0 in PS I

The EPR spectrum of P'o 0 in frozen solution shows even at W-band no g-tensor
resolution. Obviously, the g-anisotropy is very small and the inhomogeneous
linewidth quite large. However, the spectra obtained for Po o in PS I single crys-
tals exhibit some resolved features depending on the crystal rotation angle. Such
orientation-dependent spectra are shown in Fig. 2. One crystal (Fig. 2, left) was
mounted with the c-axis parallel to the rotation axis. For the other set of spectra
(Fig. 2, right) the crystallographic c-axis was in the plane of the magnetic field,
perpendicular to the rotation axis. The orientation-dependent effective g-values
for the six inequivalent sites in the crystal (P6 3 space group) are indicated by
solid lines. For reference, spectra of P 0 in frozen solution are also shown (Fig.
2, top).

The partially resolved features can be used to fit the orientation dependence
as indicated in Fig. 2 (see also ref. 17). Since the individual EPR lines are not
fully resolved, the fitting procedure was based on simulations of the orientation-
dependent spectra. Taking the P6 3 symmetry into account, each set of spectra is
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Fig. 2. Frozen solution (top) and orientation-dependent single-crystal spectra of P^n o in PS I at 80 K.
Left: rotation around the crystallographic c-axis. Right: rotation axis perpendicular to the c-axis. The
effective g-values of the six sites in the crystal are indicated by solid lines. For experimental

conditions see ref. 17.

characterized by 10 parameters (3 principal values of the g-tensor, 6 Euler angles
for the orientation of the g-tensor in the crystallographic reference frame together
with the orientation of the crystal in the laboratory frame, and one Gaussian
linewidth parameter). Since the crystallographic a- and b-axes are not unique axes
in the EPR experiments, one of the six Euler angles cannot be determined from
a fit of the EPR spectra alone. Thus, additional X-ray diffraction experiments
were performed (not shown). With this information the complete orientation of
the P'o0 g-tensor in the crystal could be obtained. However, a sixfold ambiguity
still remains due to the six inequivalent PS I units in the crystal. This problem
is solved by additional experiments on the RP P,Aj * (see below). The P'o0
g-tensor principal values obtained from the single-crystal experiments are in good
agreement with results obtained in other works (see Table 1). Deuterated samples
[22] and/or significantly higher microwave frequencies [7, 23] were required to
obtain the g-tensor from experiments on disordered samples. The principal g-
values of P'7o0 are quite similar to those of monomeric Chl a+' in organic sol-
vents (Table 1).
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Table 1. g-Tensor principal values of the radicals P7o 0 and A,' and the respective models Chl ate'
and VK, ' obtained from high-frequency EPR experiments. The experimental error is 5. 10 -^.

Radical' gx gy gg Reference or source mw,(GHz)

Pio0 (PS I) 2.00309 2.00260 2.00223 17, this work 94
Pio0 (PS I)b 2.00317 2.00264 2.00226 23 325

PTo0 (PS I)` 2.00307 2.00260 2.00226 23 325
P 0 (PS I)° 2.00304 2.00262 2.00232 22 140
Chl a" (MC1)d 2.00329 2.00275 2.00220 7 330

VKj ' (IP) 2.00578 2.00503 2.00224 this work 94
VK-, (D-M) 2.00623 2.00505 2.00220 this work 94
VK1' (IP) 2.00579 2.00498 2.00218 9 95
Al' (PS I) 2.00625 2.00512 2.00220 this work 94
A l  ' (PS I)' 2.0062 2.0051 2.0022 17 94
A l ' (PS I) 2.00625 2.00503 2.00227 10 283

Solvents used for the model systems VK - ' (IP, isopropanol; D-M, DME-MTHF) and Chl a+
(MCI, methylene chloride).

6 40 K.
200 K.
Deuterated sample.

e Determined from the RP P^o 0A '•

3.2 The Radical Pair p!.041#.

In situ illumination of PS I particles at 80 K generates the RP P 0Aj ', which
can be observed by TR-EPR in various frequency bands [12]. An experiment
performed on fully deuterated PS I at W-band is shown in Fig. 3 (dotted trace)
(see also ref. 17). In this spin-polarized spectrum the correlated subspectra of
A with gQ gQ gQ and P 0 with g', gy, gP are quite well resolved.

With the g-tensor orientation determined by W-band cw-EPR on PS I single
crystals (see above), six orientations of g(P 0) with respect to the molecular axes
are possible. Neither cw-EPR alone nor additional X-ray crystallographic assign-
ments of the crystallographic-axes can, in principle, deliver sufficient informa-
tion to remove this sixfold ambiguity. Hence, additional information is required
which is provided by TR-EPR experiments of the RP state which can finally yield
the correct assignment of the g-tensor axes orientations.

Figure 3 shows numerical simulations of the RP state P,A, ' for all six
possible orientations of the g-tensor of P'o 0 . For the simulations, the orienta-
tion of the g-tensor in Aj ' (gx(A«) is along the C-O axes, g z(A, ') is parallel to
the ring normal) and of the PI; A-' dipolar axis, z D, with QK-A, and eC-B1,
see Fig. 1, have been calculated from the X-ray structure [1]. The choice of
QK-A and eC-B1 for the constituents of the RP state P OAi' is based on ex
periments with site-directed mutants of PS I showing that the unpaired spin
density in P;o0 is almost exclusively located on eC-B 1 [24, 25] and the EPR-
active phylloquinone is Q K-A [26]. The reference system (g(A1 ')) and the Car-
tesian (a, a X c, c) crystal axes frame (CF) (Table 2) are related by the Euler
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Fig. 3. Dependence of the calculated TR-EPR spectrum of P'70OAI' at W-band on the rotation of the
g(P 0)-tensor about the crystallographic c-axis in steps of 60° (traces I to VI). For comparison the

experimental spectrum [17] is also shown (dotted line).

angles ac, = 241 0
, 8c, = 112° and yCF = 150 0

. The dipolar axis zD is defined
by 6D = 101° and 00 = 177°. The g-values were determined by independent
EPR methods (see Table 1). The g-tensor orientation of P;o 0 with respect to
the crystal axes system as given in Table 2 has been used. The six possible
remaining orientations of g(P0) with respect to its molecular axes system are
related to each other by a 60° rotation of the tensor axes about the c-axis.

Since these six orientations for g(P 0) differ significantly in the angles be-
tween the g-tensor axes and the axis of the dipolar coupling, z D, the simulated
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Table 2. P g-tensor orientation (xv, y,, ze,) in single crystals of PS I from Synechococcus elongatus
relative to a Cartesian frame spanned by the crystallographic a-, c-axes and a direction perpendicu-
lar to a and c (left) and to the molecular axes system (Xchu chi, Zcm) of the Chl a molecule PB

(eC-B1), see Figs. 1 and 5. Error 5°.

	x P 	yP	 Zp	 Xp	 yp	 ZP

a	 25°	 114°	 91°	 Xchl	 120°	 30°	 88°
c x a	 79°	 63°	 151°	 YChl	 139°	 115°	 120°
c	 68°	 38°	 61°	 Zchj	 114°	 106°	 30°

TR-EPR spectra of P ,Aj ' in frozen solution of deuterated PS I show a strong
sensitivity on the g(P 0) orientation. As obvious from Fig. 3, the best agree-
ment with the experimental spectrum is found for V, whereas all other orienta-
tions show a poor agreement with the experiment. For orientation V, the Euler
angles which relate the g(P 0) tensor and the reference system (g(A,- ')) are
ap = 174°, /4 = 100° and y, = 213°. The angles between the g-tensor axes of
A, and Poo with respect to the dipolar coupling axis z D (connecting Aj ' and
P 0) are collected in Table 3.

Figure 4 compares the TR-EPR spectra of P` Aj ' at W-band simulated with
parameters obtained from other spectroscopic methods. The top trace in Fig. 4
is identical to orientation V in Fig. 3 as determined in this study. In Fig. 4,
middle trace, the calculated spectrum obtained from a fit of the experimental
Pi^QA-* spectrum as published earlier [17] is shown. The precise tensor orienta-
tion obtained in this work on the basis of single-crystal experiments corroborates
our previously published data within their larger error margins (Table 3). The
spectrum simulated with parameters obtained from the analysis of zero quantum
beats in Q-band in combination with partially oriented whole cells measured at
W-band [27] shows a less good agreement with the experimental spectrum, es-
pecially in the Po o (high-field) region of the spectrum.

Table 3. Orientation of the dipolar axis, Z D , and the membrane normal, n, with respect to the prin-
cipal axes of g(Q' -) and g(P).

	Z(zo, g(Q`))	 L(zD, g(P))	 z(n, g(Q'- ))	 L(n, g(P")) 	Reference
XQ YQ	 ZQ	 X,	 yP 	z,	 XQ YQ 	ZQ 	X, yP 	z,	 or source

	

11° 87° 79°	 84°	 55° 35°	 36° 63° 68°	 68° 38° 61°	 this work'

	0° 90° 90°	 83° 55° 36°	 27° 79° 65°	 69° 36° 62°	 176

	

20° 74° 78°	 72° 45° 51°	 23° 83° 68°	 48° 44° 81°	 27

The g-tensor of A-' is assumed to be collinear with the molecular axes system of Q K A in the
X-ray structure. The angles for the g-tensor of P'7o 0 as determined by EPR spectroscopy correspond

to orientation V in Fig. 3. Error 5 ° .
b Obtained from the fit of TR-EPR spectra of P;o 0A,-*. Error 10°.
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Fig. 4. Comparison of the calculated TR-EPR spectra with structural parameters obtained by various
methods. Top: this work. The g-tensor of A, ' is assumed to be collinear with the molecular axes
frame of the QK A quinone [1]. The orientation of the tensor of P7o0 corresponds to option V in
Fig. 3. Middle: orientation of the tensor axes as obtained in ref. 17 from a fit of TR-EPR spectra of
P'7o0AI' of deuterated PS I in single crystals. Bottom: tensor orientation obtained from a fit of TR-
EPR spectra of partially oriented whole cells in combination with an analysis of quantum beat oscil-

lations [27]. The experimental spectrum is shown as dotted line.

Figure 5 depicts the orientation of the g-tensor axes system in the molecular
axes frame of the spin-carrying Chl a molecule (P B) [24] constituting P;o 0. It
can be seen that the tensor axes clearly deviate from the molecular axes system.
This was also found in previous studies performed on bRC [28, 29] and PS I
[17, 27]. The angles between the molecular axes of the spin-carrying Chl a mol-
ecule and the g-tensor axes of P 0 are given in Table 2. Here, Xch, and Ychi are
defined to be parallel to the N B-ND and the Nc-NA axes of Chl a, respectively,
whereas the Zch, axis is the normal to the (average) Chl a plane, see Fig. 1.

Inspection of Table 2 reveals a deviation of the zP axis of g(P0) from the
molecular Zchl-axis by 30 0 • Such a large deviation is unusual for a planar it-sys-
tem, where the z-axis of the g-tensor is expected to be almost parallel to the
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Fig. 5. Orientation of the axes of g(P) within the molecular frame of the primary donor Chl a
molecule P B (eC-B1, see Fig. 1). a View direction parallel to the molecular z-axis of PB and perpen-

dicular to the crystallographic c-axis. b View parallel to the c-axis.

molecular ZChl-axis. The reason for such a significant difference is not fully un-
derstood at present. Possible explanations involve (i) a special geometry of the
chlorophyll carrying the spin, (ii) a specific interaction with the surrounding amino
acids and (iii) interactions with other pigments, e.g., the other Chl a (P A, eC-A1
in Fig. 1), which is actually a Chl a' [1], or other chlorophylls of the ET chain.

3.3 Experiments on AT ' in PS I and Vitamin K, ' In Vitro

EPR spectra of Ai ' obtained at X-, Q- and W-band frequencies are shown in
Fig. 6. At X-band a large hyperfine quartet dominates the spectrum, which is
characteristic for the photoaccumulated Ai in cyanobacterial PS I [10] (see
Fig. 6, bottom). This hfc is attributed to the methyl group attached to the quinone
at position 2 (Fig. 1) [5, 6]. At 34 GHz the g-anisotropy becomes dominant as
compared to the hf interaction and gx, gy and gz can be obtained (Fig. 6, cen-
ter). At W-band the increased Zeeman resolution leads to a full resolution of all
three g-tensor components (Fig. 6, top). In order to get accurate g-values, the
EPR spectra were simulated (Fig. 6, dashed lines). The methyl proton hf tensor
components which were obtained independently from ENDOR spectroscopy [6]
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Fig. 6. EPR spectrum of the photoaccumulated radical anion A ' at W-band (94.0 GHz), Q-band
(34.0 GHz) and X-band (9.7 GHz). The dashed lines indicate simulations. For g- and hf-tensor val-
ues used see Table I and text. Experimental conditions: T = 80 K; nonsaturating microwave power;

field modulation depth, 0] mT.

were used as input parameters (A 11 = 12.8 MHz, A l = 9.0 MHz). The other hfcs
are small and were subsumed in the linewidth (0.4 mT). A simulation of the
spectra at all three frequencies gave accurate g-tensor principal values and the
orientation of the methyl proton hfc tensor with respect to the g-tensor (LA ii -
gy = 30°, in plane). A summary of the obtained g-values and a comparison with
data from the literature is shown in Table 1.

In order to determine the effect of the protein environment on the g- and
methyl proton hf-tensors, EPR spectra of VK, ' in frozen organic solvents were
recorded. As a polar protic solvent isopropanol (IP) was chosen which is known
to form strong hydrogen bonds with quinones [8]. The ethers DME and MTHF
were used as an apolar nonprotic solvent mixture. The spectra of VK, ' in these
two environments are shown in Fig. 7. There is no resolved hyperfine structure
indicating a significantly reduced methyl hfc in both samples. Furthermore, the
g-tensors are different in these solvents, which is particularly pronounced for the
gX component (see Table 1).
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The large differences in the g-values of VKi ' in IP and DME-MTHF is a
consequence of the different solvent properties, i.e., polarity and formation of
specific hydrogen bonds. The aprotic and apolar DME-MTHF leads to the upshift
of gx due to the absence of hydrogen bonds. This can be understood in the frame
of the g-tensor theory of Stone [30], which relates the g-shift Ag. oc goo /AEn,,.
to the oxygen spin density g, the spin-orbit coupling constant 4o and the en-
ergy gap AE„n between the nonbonding (n) and the antibonding (lt') orbital. Hy-
drogen bonds lead to a reduced spin density at the carbonyl oxygens and to an
increased energy gap caused by stabilization of the n-orbital and therefore to a
decrease of gx [9, 11].

An interesting point is that the g-tensor of VK-," in DME-MTHF is within
error the same as that of A, ' in the protein. This indicates that A, is located in
a hydrophobic environment comparable to an ether solvent shell. However, a com-
parison of the methyl hfcs shows a remarkable increase from VKj ' in vitro
(aso = 7.3 MHz) to A ' in vivo (aso = 10.3 MHz). This indicates a changed spin
density distribution in the quinone ring which can be attributed to an asymmet-
ric hydrogen bond to the oxygen 0-4 adjacent to the phytyl chain (Fig. 1), for
a discussion see ref. 31. Such an H-bond has also been confirmed by the X-ray

3;í4b 3346 33b1	 3354 3357

BdmT

Fig. 7. W-band EPR spectrum of VK,- ' in IP (top) and DME-MTHF (bottom); remarkable is
the shift of gx comparing the radical in protic and aprotic solvents. Experimental conditions:

T= 80 K; vmw = 93.9626 GHz; microwave power, 0.16 .tW; field modulation depth, 0.1 mT.
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structure at 0.25 nm resolution [1].  Obviously, this single H-bond from the pro-
tein affects the g-tensor of A, ' to a lesser extent than the H-bonds affect g(VK,j )
in a protic solvent. Semiempirical [32] and DFT calculations [33] of the g-ten-
sor of semiquinone radicals have shown that at least four H-bonding solvent mol-
ecules are necessary to get satisfying agreement with experimental values. This
effect is further analyzed here by DFT calculations (see below).

3.4 DFT Calculations

In order to relate the observed g- and hf-tensor components and their changes to
the structure of A ' in its binding site, DFT calculations were performed. For the
electronic structure calculations, the quinone A, cofactor and its protein binding
pocket were taken from the recent X-ray crystallographic coordinates [1]. The three
amino acids with potential cofactor interactions (Phe A689, Trp A697 and Leu
A722) were explicitly considered in the calculations. In order to avoid artefacts
from a too restricted model, peptide bonds to the next nearest amino acids (in the
case of Phe A689, Leu A722) were also taken into account (see Fig. 8). The phy-
tyl chain of the quinone was replaced by an ethyl group, which does not alter the
electronic structure of the quinone moiety [34]. The model of the A, cofactor in
the protein binding pocket consisting of 95 atoms was completely geometry-opti-
mized imposing no constraints on the structure. Being aware of deficiencies of the
DFT approach for geometry optimizations in noncovalently bonded systems, we
have, because of the size of the problem, nevertheless used this method for opti-
mizing the structure prior to calculations of the magnetic resonance parameters.

Comparison of the geometry-optimized model binding pocket of A, with the
crystal structure shows good agreement. Thus, it can be safely assumed that the
model pocket can be used for a structural description of the protein surrounding

Fig. 8. Model of the A, binding site in the PsaA subunit [1] used for DFT calculations (see text).
Carbon, grey; oxygen, dark grey; nitrogen, black; hydrogen, white. The dashed line indicates the

H-bond between 0-4 of the quinone and the backbone NH of Leu A722.
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of A,. The binding pocket of A, is based on the X-ray structure of the diamag-
netic ground state. Upon formation of the radical anion A, ' larger interaction
with the protein, i.e., stronger H-bonds and other dipolar interactions, are ex-
pected. Indeed, the distance of the H-bond to Leu A722 is shortened from 0.174
to 0.156 nm and Trp A697 is shifted towards the quinone, resulting in a smaller
distance from N(Trp) to 0-1 (Fig. 8).

From this geometry-optimized structure we obtained g-tensor principal val-
ues which are in reasonably good agreement with the experiment (see Table 4).
Whereas for gz and for gg the differences between calculation and experiment
are almost within experimental error (±0.0001), we found a significant devia-
tion for the g- value. It is known that DFT calculations of g-tensors of small
organic radicals like phenoxyl [35] and quinone anion radicals [33] tend to over-
estimate Agx. In a recent work on quinone anion radicals [33] it was found that
gx. deviates systematically by about 6. 10 -4 . This result was traced back to a de-
ficiency of the chosen functional. This systematic error has to be taken into ac-
count in our calculations and could explain the deviation in gx .

The effect of single amino acids can be rationalized by calculation of the
g-tensor on the geometry-optimized model for A1 ' including only the respective
amino acid (Table 4). Each amino acid leads to a reduction of the g-anisotropy.
The largest influence on Ogg has Leu A722 that lowers the g1-value by 11 • 10 - ',
which is mainly attributed to the H-bond formation; next come Trp A697
(AgX = -7. 10 -4) and Phe A689 (Agx = -4. 10 -4). Addition of a second amino
acid, with cyclic permutations of the amino acids nearly shows an additional effect
on the g-values. Whereas the influence onto gx is most significant, gy is moder-
ately reduced and gz remains basically unchanged.

As an additional probe, the tH hfc of the 2-CH3 group of the quinone and of
the proton(s) in H-bonds can be used. The comparison with the experimental val-
ues shows that the increased CH 3 hfc in Ai ' (A`o = 10.3 MHz) can indeed be
reproduced (AC = 9.8 MHz) and traced back to the strong single H-bond to 0-4

Table 4. Calculated g-tensor principal values of A ' as obtained from the geometry-optimized model
(Fig. 8).

Modela	 gx	 gy	 g^

VK ' naked 2.0099 2.0058 2.0021
VK, ' + Phe698 2.0095 2.0057 2.0021
VK1 ' + Trp697 2.0092 2.0057 2.0020
VK" + Leu722 2.0088 2.0056 2.0020
VK, ' + Phe698 + Trp697 2.0088 2.0054 2.0021
VKj' + Phe698 + Leu722 2.0082 2.0055 2.0020
VK, ' + Trp697 + Leu722 2.0081 2.0054 2.0020
VK « + Phe698 + Leu722 + Trp697 2.0075 2.0052 2.0020
Al (PS I) 2.0063 2.0051 2.0022

a The effect of the particular amino acids is investigated by removing the other amino acids from
the geometry-optimized model.



High-Frequency EPR on Cofactor Radicals in PS 1	 377

of A' (which was also suggested earlier [34]). However, the placement of Trp
A697 seems to present a problem in the calculations since it lowers the A CH3 value
(see ref. 36 for details). The calculated H-bond hf tensor [36] agrees quite well
with that reported in ref. 5. In addition to these hfcs, the DFT calculations also
show spin density delocalization from the quinone moiety onto surrounding amino
acids (Leu A722 and Trp A697), leading to substantial spin density, e.g., at the
nitrogen nuclei. Such effects were observed in electron spin echo envelope modu-
lation experiments [37] but will not be further discussed here, see ref. 36.

3.5 Summary and Conclusion

It was shown that by application of high-field EPR spectroscopy the g-tensor of
organic radicals exhibiting small g-anisotropy can be resolved. This was demon-
strated here for VK, ' in organic solvents and Ai ' in PS I with a multifrequency
approach. In case of chlorophyll radicals the g-anisotropy is very small compared
to the inhomogeneous linewidth and g is not resolved in powder spectra at W-
band. The situation is improved when single crystals are used. This led to a
determination of the g-tensor magnitude and orientation for P 0 .

Particular emphasis was placed on the phylloquinone acceptor radical anion
A,- ' in PS I. This species exhibits unusually large g-tensor principal values which
were found to be similar to those of VK, ' in an apolar, nonprotic solvent cage
in our in vitro experiments. Obviously, this quinone is situated in a very hydro-
phobic protein surrounding. Inspection of the X-ray structure indeed shows only
hydrophobic aliphatic and aromatic amino acids forming the binding pocket of
A 1 (Fig. 8). Exchange experiments (C. Teutloff, unpubl.) show that HID exchange
is very difficult supporting the hydrophobic character of the protein pocket. The
detected presence of a hydrogen bond to one of the carbonyl oxygens of A 1 leads
to an asymmetry of the spin density distribution in the radical anion and affects
the hyperfine couplings significantly. Such an H-bond should decrease the g-
anisotropy. In spite of this effect, the detected g-values of A are still very large
showing the dominance of the hydrophobic amino acids (see Fig. 8). Density
functional calculations performed on VK-, ' in a surrounding modeled on the re-
cent X-ray crystallographic structure indeed show a fairly large g-tensor in spite
of the existence of a tight H-bond to a backbone NH of a leucine ([36] and this
work). It can be assumed that the H-bond mainly has a structural function fix-
ing the quinone in the correct position for optimum electron transfer.

The most remarkable feature of A l  ' is its very negative midpoint potential
E. (approximately —750 to —810 mV [38, 39]) which is optimized for electron
transfer in PS I from A. to F. (Fig. 1). The E m of VK, in polar protic solvents is
much higher (-170 mV in water [40]). It is, however, interesting that in nonprotic
solvents of lower polarity this value is more negative (approximately —570 mV
in dimethyl formamide [41]). Even lower values can be expected for ethers.

It has been shown that the g-anisotropy is a good measure for the polarity
of a radical's surrounding as known from other works [42-44]. The large g-anisot-
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ropy observed for Ai ' is therefore indicative for the apolar, hydrophobic bind-
ing pocket which is in line with the unusual midpoint potential and high reduc-
ing power of this quinone radical in PS I. Incorporation of plastoquinone-9 (PQ-9)
instead of VK, in pathway mutants of Synechocystis strain PCC 6803 led to a
similar shift of the midpoint potential. For plastoquinone -9 in the A 1 site of PS
I an Er„ — 610 mV was estimated [45], whereas for this quinone in water only
—74 mV have been reported [40]. This shows that it is indeed the protein sur-
rounding that determines the redox properties of this cofactor and not so much
the type of the quinone present in the site. For a quantitative evaluation of the
relationship between midpoint potential and magnetic resonance parameters like
the g-tensor more experimental and theoretical work, regarding the redox poten-
tials in different solvents, is required.
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