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Abstract: Recent multifrequency EPR studies of the “high-affinity” quinone binding site of quinol oxidase
(Qn site) have suggested a very asymmetric hydrogen-bonding environment for the semiquinone radical
anion state. Single-sided hydrogen bonding to the O, carbonyl position was one of the proposals, which
contrasts with some previous experimental indications. Here density functional calculations of the EPR
parameters (g-tensors, 3C, H, and 7O hyperfine tensors) for a wide variety of supermolecular model
complexes have been used to provide insight into the detailed relations among structure, environment,
and EPR parameters of ubisemiquinone radical anions. A single-sided binding model is not able to account
for the experimentally observed low gx component of the g-tensor or for the observed magnitude of the
asymmetry of the 13C carbonyl HFC tensors. Based on the detailed comparison between computation and
experiment, a model with two hydrogen bonds to O; and one hydrogen bond to O, is suggested for the Qu
site, but a model with one more hydrogen bond on each side cannot be excluded. Several general
conclusions on the interrelations between EPR parameters and hydrogen bond patterns of ubisemiquinones
in proteins are provided.

1. Introduction

Quinone cofactors are found in a remarkable multitude of
redox enzyme$Most often, the quinones employed by nature
are ubiquinones (Figure 1), but phylloquinones, plastoquinones,
or menaquinones are also frequently found.

More than 50 distinct types of quinone (Q) binding sites
associated with respiratory or photosynthetic electron-transfer
processes are known, and it has been suggested that many more
may be discovere8iThe function of the quinone is often that
of a mediator between one-electron and two-electron redox
processes. While binding initially either the oxidized quinone
or fully reduced quinol, the Q binding sites stabilize the Figure 1. Structure of a general ubiquinone with atom labeling used
intermediate semiquinone oxidation state in the form of the throughout this work and with orientations of the semigquinone principal

. N . . . . g-tensor andH(CHj) hyperfine tensor components.

paramagnetic semiquinone radical anion—.QVia spatial

confinement of the quinone, the cofactgrotein interactions

in the binding site serve to control electron-transfer processes
from other parts of the protein to the quinone and vice versa.
The interactions with the protein environment alter the potentials
of the various redox states, thereby controlling the specific redox
function of the quinone in a given systéniThe relevant
interactions include (a) hydrogen bonds, mainly to the quinone/

semiquinone carbonyl oxygen atoms, andskgtacking, e.g.,
with tryptophan residues. To understand the function of quinone
cofactors in biological redox processes, knowledge of the
cofactor—protein interactions is thus essential. Notably, infor-
mation for the different relevant redox states should ideally be
available. While protein crystallography typically provides
information only about the neutral quinone or quinol states (but
 Universita Wirzburg. see, e.g., r_ef 3), thg paramagnetic semlqumone s_tate |§ often
£J. W. Goethe UniversiteErankfurt. most effectively studied by spectroscopic methods, in particular

(1) The Chemistry of the Quinonoid Compounds, Pt. | andPdtai, S., Ed.; by EPR spectroscopy® The structurally best characterized
Wiley, Interscience: New York, 1974zunction of Quinones in Energy
Consevring SystemsTrumpower, B. L., Ed.; Academic Press: New York,
1982.Coenzyme Q: Biochemistry, Bioenergetics, and Clinical Applications  (3) Stowell, M. H. B.; McPhillips, T. M.; Rees, D. C.; Solitis, S. M.; Abresch,
of Ubiquinone Lenaz, G., Ed.; John Wiley & Sons: New York, 1985. E.; Feher, GSciencel997 276, 812—-816.

(2) Fisher, N.; Rich, P. RJ. Mol. Biol. 200Q 296, 1153-1162. (4) Lubitz, W.; Feher, GAppl. Magn. Resornl999 17, 1—48.

10.1021/ja053988b CCC: $33.50 © 2006 American Chemical Society J. AM. CHEM. SOC. 2006, 128, 5659—5671 = 5659



ARTICLES Kacprzak et al.

quinone binding sites are certainly thes @Qnd @ sites in reduction of oxygen at the heme-copper cehtdt. changes
photosynthetic reaction centers of purple bactéfiaThe A redox states between a quinone and a reduced semiquinone state.
(Qk) binding sites in photosystem | of higher organisms have The X-ray structure of the bacteriad; complex has been solved
also been studied in detail by crystallograpland spectros- recently at 3.5 A resolutio?f, but no quinones were bound in
copy19-12 Crystal structure information has recently been the crystal form. Functional studies combined with site-directed
provided also for the Qand Q sites of the respiratorypc mutagenesis suggested a putative @nding site, and four
complexe¥® and for the menaquinone binding site of bacterial residues were postulated to be involved in direct binding to the
fumarate reductasé. At this point we will neglect the large  cofactor (labels as fdEscherichia col: Asp75, Arg71, His98,
number of characterized pyrolloquinolinequinones (PQQ) and and GIn102 Clear information on individual interactions is,
flavins that may also be viewed as quinone redox cofaéfors. however, not available from these studies.

Often, however, less structural information is available, and  In this situation, EPR spectroscopy may provide additional
what information there is may be incomplete or less direct. Then important information, specifically on the semiquinone sféte.
spectroscopy and computations may help to better understandndeed, there have been several recent EPR and ENDOR studies
the structures of the binding sites. Here we will use quantum of the Q; semiquinone signal in the bacterilos QOX

chemical methods, combined with recently obtained multifre-
guency EPR datéand further available information, to elucidate
the principal semiquinone binding mode in the “high-affinity”
quinone binding site (Qsite) in cytochroméos (bos ubiquinol
oxidase, QOX). Th&o; QOX belongs to the family of terminal

complexi62+-24 X-pand EPR spectra provided evidence for the
stabilization of a semiquinone radical anion in thg §te?!
Numerical simulations of Q-band cw-EPR spettisuggested
that features seen in X-band spectra arise from hyperfine
coupling to the protons of the ubisemiquinone methyl group in

copper-heme oxidases of the respiratory cRaln.bacteria like
Escherichia colithe function of this enzyme is thus analogous
to that of the mitochondrial cytochronweoxidasel® which is

the four-electron reduction of molecular oxygen to water in the
cytoplasmic membrane. While the mechanism of dioxygen
reduction is closely similar to that of cytochrornexidase (and
the structural and functional elements involved are almost
identical), inbos QOX the electrons needed for reduction of
O, do not derive from cytochromebut from membrane-soluble
ubiquinol-8. Ubiquinol oxidase is thought to have two ubiquinol/ - 4-carbonyl carbon position (Figure 1), Grimaldi et al. performed
ubiquinone binding sites, a low-affinity,Qand a high-affinity multifrequency EPR (X-, Q-, and W-band) measurem&h@n

Qn site!® The Qy binding site has been suggested to act as a gne hand, they found an extremely lgviensor anisotropy (low
redox mediator between the two-electron oxidation of the quinol g, value), which is usually attributed to strong hydrogen

pool and the individual one-electron processes involved in honding?5-2° On the other hand, a large asymmetry of fhe
components of the twC carbonyl hyperfine tensors providing

position 5 (Figure 1). Indications for exchangeable protons by
ENDOR provided evidence for hydrogen bonds, either to one
or to both semiquinone oxygeAsBased on ESEEM spectra,
coupling of the unpaired electron density of the semiquinone
radical anion to a nitrogen nucleus was identified, which was
assigned as a peptide backbone nitréfj¢nowever an argin-
ine'® was not to be excluded), hydrogen-bonded to the 1-car-
bonyl oxygen atom (cf. Figure 1).

Using ubiquinone selectivel#C-labeled at either the 1- or

(5) Levanon, H.; Mbius, K. Annu. Re. Biophys. Biomol. Structl997, 26,

495-540. evidence for an appreciably asymmetrical spin density distribu-
(6) Prisner, T.; Rohrer, M.; MacMillan, fnnu. Re. Phys. Chem2001, 52, tion was attributed to very asymmetrical hydrogen bonding.

(7) (a) Blankenship, R. BMolecular Mechanisms of Photosynthe&ackwell
Science: Oxford, U.K., 2002. (b) Zouni, A.; Witt, H. T.; Kern, J.; Fromme,
P.; Krauss, N.; Saenger, W.; Orth, Rature 2001, 409, 739-743.
(8) Ermler, U.; Fritzsch, G.; Buchanan, S. K.; Michel, Structure1994 2,
925-936.
(9) Jordan, P.; Fromme, P.; Witt, H. T.; Klukas, O.; Saenger, W.; Krauss, N.
Nature 2001, 411, 909-917.
(10) MacMillan, F.; Hanley, J.; van der Weerd, L.; Knupling, M.; Un, S;
Rutherford, A. W.Biochemistry1997, 36, 9297-9303.
(11) Zech, S. G.; van der Est, A. J.; Bittl, Biochemistry1997 36, 9774—
779

Single-sided hydrogen bonding to the 1-oxygen position was
even suggestel.Previous detailed quantum chemical studies
of the g-tensors of semiquinones in various environments
showed, however, that single-sided hydrogen bonding to just
one of the two carbonyl oxygen atoms will reduce the
component of thg-tensor much less than the same number of
hydrogen bonds distributed over both oxygens, for reasons that

(12) Zech, S. G.; Hofbauer, W.; Kamlowski, A.; Fromme, P.; Stehlik, D.; Lubitz,
W.; Bittl, R. J. Phys. Chem. B00Q 104, 9728-9739.

(13) (a) lwata, S.; Lee, J. W.; Okada, K.; Lee, J. K.; lwata, M.; Rasmussen, B.;
Link, T. A.; Ramaswamy, S.; Jap, B. KSciencel998 281, 64—71. (b)
Xia, D.; Yu, C. A.; Kim, H.; Xia, J. Z.; Kachurin, A. M.; Zhang, L.; Yu,
L.; Deisenhofer, JSciencel997 277, 60—66. (c) Hunte, C.; Koepke, J.;
Lange, C.; Rossmanith, T.; Michel, itructure200Q 8, 669-684.

(14) (a) Iverson, T. M.; Luna-Chavez, C.; Cecchini, G.; Rees, DS€@ence
(Washington, D.C.J1999 284, 1961-1966. (b) Li, R.; Bianchet, M. A.;
Talalay, P.; Amzel, L. MProc. Natl. Acad. Sci. U.S.A995 92, 8846~
8850.

(15) Xia, Z.-X.; Dai, W.-W.; He, Y.-N.; White, S. A.; Mathews, F. S.; Davidson,
V. L. Journal of Biological Inorganic Chemistr003 8, 843-854.

(16) Grimaldi, S.; Ostermann, T.; Weiden, N.; Mogi, T.; Miyoshi, H.; Ludwig,
B.; Michel, H.; Prisner, T. F.; MacMillan, Biochemistry2003 42, 5632~
5639.

(17) Garcia-Horsman, J. A.; Barquera, B.; Rumbley, J.; Ma, J.; Gennis, R. B.
J. Bacteriol.1994 176, 5587-5600.

(18) (a) Kranz, R. G.; Gennis, R. B. Biol. Chem1983 258 10614-10621.

(b) Puustinen, A.; Finel, M.; Haltia, T.; Gennis, R. B.; Wikstrom, M.
Biochemistryl991, 30, 3936-3942. (c) Puustinen, A.; Wikstrom, NProc.
Natl. Acad. Sci. U.S.AL991, 88, 6122-6126. (d) Puustinen, A.; Morgan,
J. E.; Verkhovskii, M.; Thomas, J. W.; Gennis, R. B.; Wikstrom, M.
Biochemistry1992 31, 10363-10369.

(19) Sato-Watanabe, M.; Mogi, T.; Ogura, T.; Kitagawa, T.; Miyoshi, H.;
Iwamura, H.; Anraku, YJ. Biol. Chem.1994 269, 28908-28912.

(20) Abramson, J.; Riistama, S.; Larsson, G.; Jasaitis, A.; Svensson-Ek, M;
Laakkonen, L.; Puustinen, A.; lwata, S.; Wikstrom, Mat. Struct. Biol.
200Q 7, 910-917.

(21) (a) Ingledew, W. J.; Ohnishi, T.; Salerno, J. Eur. J. Biochem1995
227, 903-908. (b) Sato-Watanabe, M.; Itoh, S.; Mogi, T.; Matsuura, K.;
Miyoshi, H.; Anraku, Y.FEBS Lett.1995 374, 265-269.

(22) Veselov, A. V.; Osborne, J. P.; Gennis, R. B.; Scholes, Bidthemistry
200Q 39, 3169-3175.

(23) Hastings, S. F.; Heathcote, P.; Ingledew, W. J.; Rigby, EUE.J. Biochem.
200Q 267, 5638-5645.

(24) Grimaldi, S.; MacMillan, F.; Ostermann, T.; Ludwig, B.; Michel, H.; Prisner,
T. Biochemistry2001, 40, 1037-1043.

(25) (a) Zandstra, P. J. Chem. Phys1964 41, 3655-3656. (b) Hales, B. J.
J. Am. Chem. So&975 97, 5993-5997. (c)CRC handbook of EPR spectra
from quinones and quingl®edersen, J. A., Ed.; CRC Press: Boca Raton,
FL, 1985. (d) Stone, A. Proc. R. Soc. London, Ser. 1963 271, 424~
434. (e) Stone, A. Mol. Phys.1963 6, 509-515.

(26) Burghaus, O.; Plato, M.; Rohrer, M.; Mius, K.; MacMillan, F.; Lubitz,
W. J. Phys. Chem1993 97, 7639-7647.

(27) Rohrer, M.; Plato, M.; MacMillan, F.; Grishin, Y.; Lubitz, W.; s, K.

J. Magn. Reson1995 116 59-66.

(28) Isaacson, R. A.; Lendzian, F.; Abresch, E. C.; Lubitz, W.; FeheBjdphys.
J. 1995 69, 311-322.

(29) Nimz, O.; Lendzian, F.; Boullais, C.; Lubitz, \Wppl. Magn. Resor1998
14, 255-274.
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we will review further below?® Therefore, very lowg-
anisotropies appear incompatible with single-sided hydrogen

density (RI-DFT approximation). Unless stated otherwise, the calcula-
tions were performed with the TURBOMOLE progrérfversion 5.6).

bonding. ENDOR data from plastoquinone-substituted samples!n some calculations, we have simulated roughly the electrostatic

were also interpreted in terms of a more symmetrical hydrogen-

bonding framework2 To characterize the hydrogen bonding
environment of the semiquinone radical anion in these of

bo; quinol oxidase in more detail, these somewhat contradictory
findings require further investigation. Here we employ modern
density functional methods to compute treand A-tensors of

influence ofheme &° using a+2 point charge at positions relative to
the semiquinone model 2/1-a 1HO-1HN-4HO (Figure 2b) that are
compatible with the suggested binding $it@he possibility of a weak
single hydrogen bond tofhas been evaluated by examining structures,
again based on the 2/1-a 1HO-1HN-4HO model (Figure 2b), in which
the hydrogen-bond distance to, @as increased in steps of 0.05 A
from the optimized 1.79 A up to 2.34 A. Using the same 2/1-a model,

suitable hydrogen-bonded model complexes. Based on a detailedhe potential effect of very strong hydrogen bonding was investigated

comparison between computed and experimegtahsors and
hyperfine tensors, we arrive at an improved binding model for
the Q@ site that involves asymmetric but not single-sided

by shortening all or only selected hydrogen bonds to 1.60 A (Table S2
in the Supporting Information).
Four more specific supermolecular models from a previous com-

hydrogen bonding. The relevance of the present study extendgPutational stud$? have been included for comparison: models for

beyond the insight into the target system, quinol oxidase, an
provides a systematic investigation of the effects of hydrogen
bonding on EPR parameters of ubisemiquinone anions in
proteins.

2. Computational Details

Structure Optimizations and Models. Previous experience in
comparison with experiment and with more sophisticated computational

d ubisemiquinone anion radicals in both thg*Qand @*~ binding sites

of bacterial reaction centers, one model for ubisemiquinone in frozen
2-propanol (with six 2-propanol molecules hydrogen-bonded to ubisemi-
quinone), and a model for phyllosemiquinone in the Ainding site

of PS-I. The models in ref 32 were prepared based on crystal structure
data for the intermolecular arrangement and on DFT-optimized frag-
ments (with optimization of the positions of the H-bonded hydrogen
atoms in bimolecular complex®@s We have initially used those
structures directly for the EPR parameter calculations (note that the

approaches suggests that the effects of hydrogen bonds on the EPRy-tensor results will nevertheless differ slightly from those in ref 32
parameters of semiquinone radical anions may be modeled well by due to a somewhat differegttensor implementation). For theaQ,

density functional (DFT) calculations on relatively small supermolecular
complexes. This holds for botiitensorg®-34and hyperfine tensors:3

Qs*~, and A*~ binding-site models, we have additionally performed
partial optimizations in which the heavy atoms of the H-bond donors

In the absence of more specific structural information, we have chosen have been kept at fixed positions, but the entire semiquinone and the

to employ either water molecules dFmethyl-formamide (nmf), or

H-bonded protons were free to move (see Table 2 below for details, as

both, as hydrogen-bond donors to the semiquinone. As the nature ofwell as Figures 4 in ref 32). All these partial optimizations were
the isoprenoid side chain of the ubisemiquinone radical anion (cf. Figure performed with the Gaussian 03 progr&hBoth the initial Cartesian

1) has been found both experimentally and computationally to influence
the g-tensor and most hyperfine parameters only negligib®y37 it
has been replaced by an ethyl group in our models (UQ-Eor the
majority of models, all substituents were on the same side of the
semiquinone ring in the starting structure, as found in the X-ray structure
of Qa~.3 However, in view of the low rotational barriet$,other

coordinate¥ and the reoptimized structures of all these more sophis-
ticated models are compared in Table S3 in the Supporting Information.
g-Tensor Calculations. The g-tensor calculations employed the
second-order perturbation approach delineated in ref 43, which has been
demonstrated to provide unprecedented accuracy in calculations of
g-tensors for organic radicals (see also a recent revievg-tensor

conformations, such as those represented by models 2/1-c and 2/1-dcalculations for organic radicéfy. Unlike most of our previous static
cannot be excluded. Most of the resulting model complexes are shown calculations of semiquinoné$;32 but analogous to recent dynamical

in Figure 2.

All structures have been fully optimized at the DFT level, using the
gradient-corrected BP86 functiofahnd a DZVP Gaussian-type-orbital
basis set? SVP auxiliary basis setswere used to fit the electron

(30) Kaupp, M.; Remenyi, C.; Vaara, J.; Malkina, O. L.; Malkin, V. Am.
Chem. Soc2002 124, 2709-2722.

(31) Kaupp, M.Biochemistry2002 41, 2895-2900.

(32) Kacprzak, S.; Kaupp, Ml. Phys. Chem. B004 108 2464-2469.

(33) (a) Ciofini, I.; Reviakine, R.; Arbuznikov, A.; Kaupp, Mheor. Chem.
Acc.2004 111, 132-140. (b) Sinnecker, S.; Reijerse, E.; Neese, F.; Lubitz,
W. J. Am. Chem. So2004 126, 3280-3290.

(34) (a) Asher, J. R.; Doltsinis, N. L.; Kaupp, M. Am. Chem. So2004 126,
9854-9861. (b) Asher, J. R.; Doltsinis, N. L.; Kaupp, Mlagn. Reson.
Chem.2005 43, S237-S247.

(35) (a) O’'Malley, P. JJ. Phys. Chem. A997 101, 6334-6338. (b) O'Malley,
P. J.J. Phys. Chem. A998 102 248-253. (c) O'Malley, P. JJ. Am.
Chem. Socl1998 120, 5093-5097. (d) Eriksson, L. A.; Himo, F.; Siegbahn,
P. E. M.; Babcock, G. TJ. Phys. Chem. A997 101, 9496-9504. (e)
Himo, F.; Babcock, G. T.; Eriksson, L. Al. Phys. Chem. A999 103
3745-3749. (f) Grafton, A. K.; Wheeler, R. Al. Phys. Chem. A997,
101, 7154-7166. (g) Boesch, S. E.; Wheeler, R.APhys. Chem. A997,
101, 5799-5804. (h) Wise, K. E.; Grafton, A. K.; Wheeler, R. A. Phys.
Chem. A1997 101, 1160-1165. (i) Nonella, M.Photosynth. Resl998
55, 253-259. (j) Zhan, C.-G.; Chipman, D. Ml. Phys. Chem. A998
102 1230-1235.

(36) Nonella, M.J. Phys. Chem. B99§ 102, 4217-4225.

(37) MacMillan, F.; Lendzian, F.; Lubitz, WMagn. Reson. Chen1995 33,
81-93.

(38) (a) Becke, A. DPhys. Re. A 1988 38, 3098-3100. (b) Perdew, J. P.;
Wang, Y.Phys. Re. B 1986 33, 8822-8824.

(39) Godbout, N.; Salahub, D. R.; Andzelm, J.; Wimmer,&n. J. Chem.
1992 70, 560-571. .

(40) Eichkorn, K.; Treutler, O.; @m, H.; Haser, M.; Ahlrichs, RChem. Phys.
Lett. 1995 242 652—-660.

studies of aqueous benzosemiquin&htbe Kohn-Sham orbitals were
obtained with the TURBOMOLE program and involved the fitting of
charge density but not of exchange-correlation potential. This provides
about 5% largerAgx components of theg-shift tensors compared to
previous extensive studies within the deMon program framework, where
both density and potential were fitté%:32 In the latter case, we found
RI-BP86/DZVP calculations to overestimate the most sensitgg
tensor component systematically, and a scaling factor of 0.92 was found
to provide the best agreement between supermolecular model calcula-
tions and experimental data in protic solutf8rGiven the largeAgy
components obtained in the current procedure (also at the RI-BP86/
DZVP level), a scaling factor of 0.88 is more approprii&end will be

used throughout this work. The unrestricted Ket8ham MO informa-

tion from TURBOMOLE was transferred by appropriate interface
routines to the MAG (magnetic resonance) property module of the in-
house program ReSp€e€tThe one- and two-electron spiorbit (SO)
operators were treated by the accurate and efficient all-electron atomic

(41) (a) Ahlrichs, R.; Bg M.; Haser, M.; Horn, H.; Kémel, C. Chem. Phys.
Lett. 1989 162 165-169. (b) Ahlrichs, R.; von Arnim, M. IrMethods
and Techniques in Computational Chemist®yementi, E., Corongiu, G.,
Eds.; Club Europeen MOTECC: 1995; Chapter 13, p 509.

(42) Frisch, M. J. et alGaussian 03Gaussian, Inc.: Wallingford CT, 2004.

(43) (a) Malkina, O. L.; Vaara, J.; Schimmelpfennig, B.; Munzarova, M.; Malkin,
V. G.; Kaupp, M.J. Am. Chem. So200Q 122 9206-9218. (b) Kaupp,
M.; Reviakine, R.; Malkina, O. L.; Arbuznikov, A.; Schimmelpfennig, B.;
Malkin, V. G. J. Comput. Chen002 23, 794-803.

(44) Kaupp, M. EPR Spectroscopy of Free Radicals in Solids. Trends in Methods
and Applications. IrfProgress in Theoretical Chemistry and Physicsnd,
A., Shiotani, M., Eds.; Kluwer: Dordrecht, 2003; Vol. 10, pp 26302.
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Figure 2. Optimized structures of supermolecular model complexes studied. Numbeirsdicate the number of hydrogen bonds toadd Q, respectively,

and the labels HO and HN indicate a water molecule anN-amethylformamide molecule, respectively: (a) naked UQ-E, 0/0 model; definition of methoxy
dihedral angle®); and 6y; (b) 2/1-a model 1HO-1HN-4HO; definition of hydrogen-bonding dihedral apglee) 0/1 model 4HO; (d) 0/1 model 4HN; (e)

1/0 model 1HN; (f) 1/0 model 1HO; (g) 2/0 model 1HO-1HN; (h) 3/0 model 1HO-1HO-1HN; (i) 3/1-a model 1HO-1HO-1HN-4HO (this model involves
bridging hydrogen bonds to the methoxy oxygen atoms); (j) 3/1-b model 1HO-1HO-1HN-4HO; (k) 2/2-a model 1HO-1HO-4HO-4HO; (I) 2/2-b model
1HO-1HN-4HO-4HN.

meanfield approximation (AMFIE The common gauge origin for the  to the center of spin density. In our calculations, gitensor is defined
external magnetic vector potential was chosen to be at the midpointasg = ge(1) + Ag, wherege = 2.002 319. We present and discuss
between the two carbonyl oxygen atoms. This is expected to be closeg-shift componentsAg;) defined as corrections to the free electron

5662 J. AM. CHEM. SOC. = VOL. 128, NO. 17, 2006
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Table 1. Hydrogen Bond Lengths, Hydrogen-Bond Dihedral Angles,? and Methoxy-Group Out-of-Plane Dihedral Angles?

dihedral angles

6 of methoxy
d(H-++0) in A; absolute dihedral angle y in deg groups
model 0y++-HO; y 0y++-HO; y Oy++HN; y Oy++-HO; y Og+HN; y Og++-HO; y 01, 0,
0/1 4HO 1.76; 51 132:-58
0/1 4HN 1.75; 2 137-61
1/0 1HN 1.76; 18 138;-58
1/0 1HO 1.76; 21 62;,—57
2/0 1HO-1HN 1.79; 58 1.82; 22 139:58
3/0 1HO-1HO-1HN 1.81; 30 2.08; 63 1.89; 62 1365
1/1 1HN-4HN 1.81;3 1.78; 27 136;59
3/1-a 1HO-1HO-1HN-4HO 1.80; 29 2.11;61 1.92; 61 1.88; 40 B
3/1-b 1HO-1HO-1HN-4HO 1.82;78 2.06; 20 1.95; 11 1.81;43 1459
2/2-a 1HO-1HO-4HO-4HO 1.76; 3 2.10; 24 1.75; 18 2.11; 22 689
2/2-b 1HO-1HO-4HO-4HO 1.75;0 2.12; 27 1.77; 20 2.11;55 —82; 63
2/1-a 1HO-1HN-4HO 1.78; 17 1.89;3 1.79; 32 1357
2/1-b 1HO-1HN-4HO 1.78; 17 1.91;9 1.80; 33 1151
2/1-c 1HO-1HN-4HO 1.78; 13 1.90; 8 1.80; 31 106; 60
2/1-d 1HO-1HN-4HO 1.76; 32 1.89; 25 1.79; 38 —92;-60
2/1 1HN-1HN-4HN 1.85; 16 1.80; 27 13%#59
1.93;2

1/2 1HO-4HO-4HN 1.80; 18 1.79; 14 1.88;36 5866
3/2 1HO-1HO-1HN-4HO-4HN 1.84;75 2.08; 25 1.97;11 1.81;19 1.90;41 1466,
2/2 1THO-1HN-4HO-4HN 1.80;9 1.91;1 1.80; 24 1.87; 42 1485
2/3 1HO-1HN-4HO-4HO-4HN 1.81;6 1.92;1 1.88; 78 1.93; 37 1.87; 40 D)

aCf. Figure 2a,b for definition of dihedral angles.

value in ppm (that is, in units of 16). Our approach includes not  hydrogen bonding in the Qsite?3 and it is possible that our
only the dominant second-order spiarbit/orbital-Zeeman cross terms  structures do not capture this completely. However, still more
but also the relativistic mass correction (RMC) and the one-electron pronounced out-of-plane hydrogen bonds would lead to (a)
part of the spir-orbit gauge correction (GC) terrs. slightly larger and not loweAg, values (see below) and (b)
Hyperfine Tensor Calculations.All hyperfine coupling parameters probably only minor effects oFC(CO) andH(CHs) hyperfine
were computed in the usual nonrelativistic first-order approach, using . 3 7] .
tensors. In the absence of more detailed structural information,

the MAG-ReSpect code based on unrestricted Keh8ham wave
functions obtained with the TURBOMOLEprogram. It is well-known we regard the chosen models as reasonable. Notably, we have

that gradient-corrected functionals such as BP86 underestimate the spircomputed EPR parameters for (i) the naked UQ-Eadical
polarization inz-radicals and thus provide less accurate hyperfine anion, (ii) systems with single-sided hydrogen bonding either

couplings. In contrast to the optimizations agdensor calculations
the hyperfine calculations used therefore the B3tA§brid functional

to Oy or to Oy, and (iii) symmetric or asymmetric double-sided
hydrogen bonding. We have found several minimum structures

(in nonlocal implementation, cf. ref 48 for a discussion) in combination ¢5r qur most promising 2/1 1HO-1HN-4HO model. They are

with the somewhat larger EPR#Ibasis set (which was specifically
designed for hyperfine calculations). Further test calculations with other
functionals, and also with the more extended EPR-IIl basis, provided
only relatively minor modifications of the results.

all within 3 kJ mol* of each other and give relatively similar
EPR parameters (see below). It is clear that a more complete
treatment would have to include extensive molecular dynaffics,
but this is outside the scope of the present study.

In the presence of only one contact to a carbonyl oxygen,
Structures of Model ComplexesFigure 2 shows optimized ~ the computed hydrogen bond lengths (Table 1) are similar to
structures for the chosen model systems. In most cases, théhose in benzosemiquinone complexes. As soon as we have more
hydrogen bonds occur not too far outside the plane of the than one hydrogen bond, some of the contacts become ap-

semiquinone, with dihedral anglestypically below 30—40° preciably longer than those found for the parent sysiem,
(Table 1; cf. definition ofy in Figure 2b). particular when we force three hydrogen bonds to the same
Somewhat larger out-of-plane angles occur particularly for oxygen atom. This is due to the steric influence of the
models with more than two hydrogen bonds to an oxygen or substituents in ubisemiquinones, which is also responsible for
when the overall hydrogen-bond situation becomes crowded for the out-of-plane character of the hydrogen bonds. In several of
other reasons. Some ENDOR data suggest strong out-of-planehe 2/2, 3/2, 3/1, or 3/0 models, one of the hydrogen bonds to
a given oxygen is noticeably longer 2.0 A) than the other(s),
provided more than one water molecule is involved at this site
(Table 1). In previous calculations on a UQ-Mmodel
(dimethoxy-dimethylsemiquinone) with four (or six) water or
alcohol molecules, we did not observe this beha¥idtloser
analysis indicates that the hydrogen bond preferences are
strongly coupled to the conformations of the methoxy substit-
uents (dihedral angl@ in Table 1; see definition in Figure 2a),
and the previous calculations did not represent optimum
conformations (computed energies for the present structures are

3. Results and Discussion

(45) Malkin, V. G.; Malkina, O. L.; Reviakine, R.; Arbuznikov, A. V.; Kaupp,
M.; Schimmelpfennig, B.; Malkin, I.; Helgaker, T.; Ruud, IAG-ReSpe¢t
version 1.1; 2003.

(46) (a) Hess, B. A.; Marian, C. M.; Wabhlgren, U.; Gropen, @hem. Phys.
Lett. 1996 251, 365-371. (b) Schimmelpfennig, BAtomic Spir-Orbit
Mean-Field Integral ProgramStockholms Universitet: Stockholm, Swe-
den, 1996.

(47) (a) Becke, A. DJ. Chem. Physl993 98, 5648-5652. (b) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. B 1988 37, 785-789. (c) Miehlich, B.; Savin,
A.; Stoll, H.; Preuss, HChem. Phys. Lett1989 157, 200-206.

(48) (a) Arbuznikov, A. V.; Kaupp, MChem. Phys. Let2004 391, 16—21.
(b) Arbuznikov, A. V.; Kaupp, M.Chem. Phys. Let004 386, 8—16.

(49) Barone, V. InRecent Adances in Density Functional MethgdShong,
D. P., Eds.; World Scientific Publishing Co.: Singapore, 1996; Part I.
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somewhat lower). In the majority of cases, where both methoxy Table 2. g-Shift Tensors (ppm) for Ubisemiquinone Radical Anion
substituents are on the same side of the rthgs near 130— Models

140 andf,, near—55° to —60° (see ref 36 for other DFT calcu- model® Agy Agy Ag:
lations on models without hydrogen bonding). This corresponds 0/0 optimized 5466 (4810) 3282 —46
to both methoxy groups being tilted in the direction of the same 85(1) Zﬁ’é 1HO-1HN-4HO &18914(25842531)) 33235869 —gg
carbonyl group (Flgu_re 2). There are a few exceptlons,_ e.g. for o1 auN 5433 (4781) 3193 50
the 1/0 HO model (Figure 2f) or for both 2/2 models with four  1/0 1HN 5276 (4642) 3233 —44
water molecules (the 2/2-a model is shown in Figure 2k), where 1/0 1HO 5254 (4623) 3193 70
an opposite orientation is preferred. Obviously, our static 2/0 1HO-1HN 4989 (4390) 3174 59
S . ) i 3/0 1HO-1HO-1HN 5083 (4473) 3223 —68
optimizations, although carried out from many different starting 11 1HN-4HN 4966 (4370) 3090 —71
points, cannot guarantee that we have in all cases found the 3/1-a 1HO-1HO-1HN-4HO 4825 (4246) 3203 —121
global minimum. We are currently carrying out ab initio gg'b i:g-i:g-ﬁ:gﬁ:g 1&3 ((i%)‘éi)) 3;‘}326‘1 _13695
. . . . . . -a - - - —
molecular dynamics simulations for aqueous l_Jblsemlquﬁ?ong 2/2-b THO-1HO-4HO-4HO 4695 (4132) 3001 —88
(cf. ref 34 for related work on benzosemiquinone) to obtain  2/1-a3 1HO-1HN-4HO 4660 (4101) 3031 —105
further insight into the conformational preferences. 2/1-b 1HO-1HN-4HO 4766 (4194) 3019 —92
. . . 2/1-c 1HO-1HN-4HO 4804 (4228) 3018 -84
The experimental evidence fpr the QOX,@ite does pot 2/1-d THO-1HN-4HO 4786 (4212) 3020 58
seem to suggest hydrogen bonding to the methoxy substittients  2/1 1HN-1HN-4HN 4691 (4128) 3008 —85
(in contrast to protic solutiof). Therefore we prefer in Table 1;2 1HO-4HO-4HN 4672 ((4111)) 3013 -81
i ; i 3/2 1HO-1HO-1HN-4HO-4HN 4464 (3928) 3073 -53
1 structures in which the water molecules do not bridge between 75 2750070 7 S 4424 (3911) 3007 —80
carbonyl oxygen and methoxy groups. The 3/1-a structure is @ /3 1HO-1HN-4HO-4HO-4HN 4345 (3824) 3111 —105
notable exception. A wide range of H-bond out-of-plane angles
is found for the more sophisticateda®, Qg*~, and A’ R imd"f'r?éj)f's fromsrgggz(4484) 2052 u
2 H : — A - - - -
models®? The largest (experimentaj) value is 87 for Qg Qar (UQ-EM—-nmf-imdy 5004 (4404) 3003 26

and the smallest, 23or A;*~. The partial reoptimization carried Qa" (UQ-EM*—-nmf-imd),reoptt 4569 (4021) 3052 —44
out for all three models resulted in moderate to appreciable Qa™ (UQ-EM'™-nmf-imd), reopt2 ~ 4693 (4130) ~ 3037  —50

reduction of the out-of-plane angles for the'Q and Q~ 82: Egggm:mg:g reoptt 3222 Eggégg %ggg _838

models but in a slight increase for the"Amodel. Additionally, UQ-EM* (PrOH)s 4602 (4050) 2927 85
a contraction of the hydrogen bonds was observed. (cf. Table A~ (EMNQ ~—-nmf-ind) 4428 (3897) 2675 1
g-Tensors. Table 2 compares computegshift tensors for exp:: %” in gos'k?R%ﬁ igéé gicl)é —iég
. . . . . . exptl Qu*~ in Zn- -
varlous_mode_ls with experimental data_ln a variety of environ- exptl Qv in Zn-bRCS 4170 3000 —220
ments, including daté for the QOX Q site. Notably, theAgy exptl Qs in Zn-bRC$ 3940 2950 —220
value for the @ site is lower than data for theand @ sites exptl UQ-10" in iPrOH 4140 3100 —100
in bacterial photosynthetic reaction centers or even for isotropic gpﬂ 88:2_ :2 ::')DI\rIIOEW:/ITHFh 2228 gggg :2(2)8
2-propanol solution. As these reference systems feature extensive ptIA —— 23900 750 20

G ; ; ; exptl A*~ in -
(double-sided) hydrogen bonding and a l&g is representative exptl Ar in PS—1 3930 9710  —49

of strong hydrogen bonding, we must conclude that the low
Agx can only be explained by strong hydrogen bonding. a Cf. Figure 2.P Values scaled by 0.88 in parentheseSupermolecular

P model structures adopted from ref 32: UQ-EM- 5-ethyl-2,3-dimethoxy-
The computedgy Valu_es for the models are S|gplflcantly 6-methyl-1,4-benzosemiquinone; EMNQ= 2-ethyl-3-methyl-1,4-naph-
too large, and they remain too large even after scaling by 0.88 thosemiquinone; nmi= N-methylformamide; imd= imidazole; ind =
to account for systematic deficiencies of the DFT method used indole; reoptl: structure was reoptimized with the positions of all heavier
; ; . atoms of H-bond donors frozen; reopt2: the same as reoptl but with dihedral
(cf. Computational Details). Most notably, the values remain angles of methoxy groups also kept frozen; reopt3: the position of nmf
much closer to the large gas-phase value in all models thatwas reoptimized with coordinates of all other atoms fixed; small differences

exhibit single-sided hydrogen bonding to only one carbonyl of g-tensors with values of ref 32 are due to a slightly different computational
. o . = level of the g-tensor calculation$W-band EPR irbo;-QOX.16 ¢W-band
oxygen atom. This is due to a polarization of the spin density EPR for zinc-substituted bR#. f Q-band EPR in zinc substituted bRC of

toward the “noncoordinated” oxygen atom. Spirbit (SO) Rb. shaeroide®-26, with fully deuterated UQ-10.22 9 W-band EPR in

contributions from this oxygen atom will partly compensate for frozen 2-propanct®2® " Q-band EPR in 2-propanak or DME/MTHF
mixtures, respectivel§® | Transient spin-polarized W-band EPR on

the loss 0fAgS°/9Z contributions to thegx component caused  p, ++a . in a PS I single crystd? | PhotoaccumulatedA at 283 GHZ

by hydrogen bonding on the other si#feOnce we add a

hydrogen bond to the second carbonyl oxygen atom, we observechanges of the two methoxy groups may alteg by up to
immediately an appreciable lowering &f; (cf. ref 30), asnow 600 ppm* Indeed, Table 2 shows that going from the optimized
the SO contributions from both oxygen atoms decrease. strycture parameters of the 1HO-1HN-4HO model (vith=
However, even with the most promising (asymmetric) double- 13 9, = —57°) to those of a fully optimized gas-phase model
sided 2/1 hydrogen-bond models (e.g., 1HO-1HN-4HO, Figure (Wlth 01 = 610, 92 = _570) reduce$gx by about 600 ppm for
2b), the scaled\gy is still about 500 ppm too large. This may  the free radical (first two rows in Table 2, scaled values in
be attributed to further factors, e.g., a change of the conformation parentheses). The overall effect in the presence of hydrogen
of the methoxy substituents. It is known that conformational bonding is probab|y somewhat Sma"er' due to the genera|
reduction ofAg.3°

(50) Asher, J. R.; Kaupp, M.; Doltsinis, N. L. Unpublished results. ; R i
(51) Hellwig, P.; Mogi, T.; Tomson, F. L.; Gennis, R. B.; lwata, J.; Miyoshi, Plac[ng at2 point Charge at one of the presumed positions
H.; Maentele, WBiochemistry1999 38, 14683-14689. of the iron atom ofheme & changes the\gy component at
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most by 50 ppm and thAgy, component by less than 10 ppm. However, our computations show that single-sided hydrogen
This suggests that electrostatic contributions from this site should bonding would cause an even much larger asymmetry than
not affect our conclusions. The calculations confirm clearly that observed for the Qsite, and in particular an even much lower
the very lowAgy observed for the Qsite is incompatible with A for the G position. This may be understood from the strongly
single-sided hydrogen bonding. What would happen, if the asymmetric and alternating spin density distribution in the
hydrogen bond on the [ite is present but very weak? Figure single-sided case, which places relatively large positive spin
S1in the Supporting Information shows that an increase of the density on Q but very low spin density on £ In contrast,
O---H distance increasedgy essentially linearly but only  unsymmetrical double-sided models provide much better agree-
moderately. In going from optimized 1.80 A to about 2.20 A, ment with the measured data for the; ®ite. This holds in
Agy (scaled) for the 2/1 model changes from ca. 4100 ppm to particular for the 2/1 models 1HO-1HN-4HO or 1HN-1HN-
ca. 4250 ppm and thus remains appreciably below the 45144HN, which agree rather well with experimental data for the
ppm computed for the single-sided case (cf. Table 2), with the Q4 site. 3/1 models appear to provide too asymmetrical
hydrogen bond to @removed completely. hyperfine couplings. Thus, not only do the computations provide
Systems with even more hydrogen bonding would allow a better agreement with experimentgitensors of @ when
further reduction ofAg, by about 200 ppm. Of these models, allowing double-sided yet asymmetrical hydrogen bonding, but
the 3/2 model 1HO-1HO-1HN-4HO-4HN (Table 2) is still also the characteristic carbonyfC hyperfine tensors are
expected to provide significant asymmetry in 8 hyperfine reproduced more faithfully by 2/1 models. Notably, the 3/2
couplings (see below). An artificial shortening of some or all model does provide somewhat too lakgeomponents but also
hydrogen bonds to 1.60 A in the 2/1a 1HO-1HN-4HO model a reasonable asymmetry betweepadd G.
reducesAg, maximally by 300 ppm (Table S2 in the Supporting Turning to theA, andA, components in the Qsite, we note
Information), when all hydrogen bonds are short. However, this that, due to inherent inaccuracies in their experimental deter-

is already a very unlikely bonding situation. mination, the observed differences betwegrand A, indeed
Previousg-tensor calculations on more specific supermo- may not be reliable, and even the absolute values may vary

lecular model complexes for thea®, Qg*~, and A~ sites?? somewhat upon varying the simulation parameters (without

and for ubisemiquinone in frozen 2-propad®$? provided affecting the overall quality of the spectral simulatidfBased

excellent agreement with experiment after appropriate scaling on knowledge from other semiquinone spectra and computa-
of the Ag, component to account for systematic errors of the tions, one would expect more negati#gand A, components
DFT approach used. This is confirmed by the corresponding for thatipso-carbon atom with the lower spin density (that is,
values in Table 2 (which differ slightly from those in ref 32). the one bonded to the oxygen atom that experiences less
Structural reoptimization provided somewhat stronger inter- hydrogen bonding). This is due to accumulation of spin density
molecular interactions compared to the initial structures (cf. on the neighboring oxygen araftho-carbon atoms (as dem-
Table S3 in the Supporting Information). Consequently, the onstrated by spin density distributions for various model
gx components are also lowered slightly more. This is most complexes provided in Figure S3 in the Supporting Information).
pronounced for the Q~ model (Table 2): The scaledgy A lower A, component should thus be accompanied by more
component for the “reoptl” structure is now somewhat below negativeA, andA, components. This can be observed, e.g., in
experiment. It is possible that this model overestimates the the experimental data for theaGand @ sites (Table 3). It is
strength of the hydrogen bonds now compared to the situationthus conceivable that th&, and Ay, components in the Qsite

in the protein. The effect is smaller for thesQ model. While should be significantly more negative at tBan at G. Notably,

the g-tensor for this model agrees excellently with experi- calculations for single-sided models provide not only unrealisti-
ment, the hyperfine tensors do not (see discussion below). Thecally smallA; values but also unrealistically large absol&e
g-tensor of the A~ model is affected only slightly by the andAy values at the position of low spin density. Indeed, this
reoptimization of the single hydrogen bond (which shortens by effect becomes more pronounced when going from, e.g., the

10 pm). 1/0 to 2/0 and 3/0 models (Table 3). The 2/1 or 3/2 models
13c-Carbonyl Hyperfine Tensors. It was the strongly  Perform better also in this respect.
different A, components of the carboniC hyperfine tensors We have again evaluated the effect of a successive lengthen-

for the G and G positions, and in particular the very low value ing of the hydrogen bond to n the double-sided 2/1 model
for the G position, that led one of &&to favor a single-sided ~ 1HO-1HN-4HO (Figure S2 in the Supporting Information).
hydrogen bonding model. In view of the above results for the Going from a hydrogen bond distance of 1.80 A to 2.2084,
g-tensors, it is thus of great interest to evaluate the compatibility in the G position increases slightly toward the experimental
of the hyperfine tensors for different models with this experi- value 30.8 MHz, but in the £position it decreases below the
mental observation. Computé¥C hyperfine tensors are shown observed 20.2 MHz. These calculations provide thus no indica-
in Table 3, in comparison with experimental data for a variety tions for or against a somewhat weakened hydrogen bond on
of environments. the Q, side.

As A, andA, are determined less accurately by the measure- We have also performed calculations for the 2/1 model 1HO-
ments!® we concentrate in particular on the better defied 1HN-4HO with a+2 point charge at theeme-aron position.
values. Comparison of the data for thg §ite with frozen protic Depending on the orientation of the semiquinone in the putative
solution demonstrates the pronounced asymmetry for the twobinding site, slightly different relative arrangements of the point
carbonyl sites. TheA, value at G is indeed comparable to  charges and the semiquinone arise (see Table S1 in the
measurements in aprotic solvent mixtures (DME/mTHF; Table Supporting Information for coordinates). For different orienta-
3), where hydrogen bonding must be presumed absent. tions chosen, thé, values of G vary between 27.74 and 29.74
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Table 3. 13C Hyperfine Coupling Tensors (in MHz) for the C1 and C4 Carbonyl Positions in Ubisemiquinone Radical Anion Models

BC-HFC at C; BC-HFC at C,

model? Ay A A, Ay A A,
0/0 optimized —-12.8 —16.3 14.0 -12.9 —16.4 14.1
0/0 //2/1 1HO-1HN-4HO —15.0 —18.8 6.4 —-11.3 —14.6 16.8
0/14HO —16.4 —20.5 15 —8.5 —-11.2 31.0
0/1 4HN —16.8 —20.9 0.9 -8.3 —10.9 323
1/0 1HN —11.4 —14.4 24.3 —13.7 —17.4 10.1
1/0 1HO —10.5 —13.4 25.6 —14.4 —18.1 9.4
2/0 1HO-1HN -9.0 —11.4 37.0 —-14.9 —18.6 6.6
3/0 1HO-1HO-1HN -7.3 —-95 415 —15.9 —19.9 3.5
1/1 1HN-4HN —14.0 —17.3 15.8 —10.5 —13.3 25.9
3/1-a 1HO-1HO-1HN-4HO —9.4 —-11.7 37.0 —-13.7 —-17.0 12.9
3/1-b 1HO-1HO-1HN-4HO —-9.0 —-11.3 38.6 —13.6 —16.9 15.2
2/2-a 1HO-1HO-4HO-4HO —11.7 —14.6 24.7 —11.8 —14.7 24.6
2/2-b 1HO-1HO-4HO-4HO —12.6 —155 20.8 —-11.6 —14.4 26.5
2/1-a 1HO-1HN-4HO —-11.2 —14.0 27.9 —12.0 —15.0 20.8
2/1-b 1HO-1HN-4HO —11.1 —13.9 26.1 —-12.6 —15.7 20.8
2/1-c 1IHO-1HN-4HO —11.0 —13.8 26.7 —-13.1 —16.4 18.5
2/1-d 1HO-1HN-4HO —10.8 —13.4 27.9 —-13.5 —16.7 18.5
2/1 1HN-1HN-4HN —11.6 —14.4 27.9 —-12.0 —15.0 20.8
1/2 1HO-4HO-4HN —13.4 —16.7 18.2 —10.0 —12.6 30.3
3/2 1HO-1HO-1HN-4HO-4HN —11.3 —13.8 33.6 —-11.3 —14.0 25.3
2/2 1HO-1HN-4HO-4HN —13.6 —16.5 23.1 —10.3 —12.8 29.7
2/3 1HO-1HN-4HO-4HO-4HN —14.6 —-17.7 194 —7.6 —-9.6 40.1

Models from ref 32

Qa*~ (UQ-EM~-nmf-imd-ind)y —13.7 —-17.1 16.3 —10.7 —13.7 23.0
Qa™ (UQ-EM*~-nmf-imd) —13.6 —-17.1 16.6 —-11.1 —14.1 22.6
Qa"~ (UQ-EM*—-nmf-imd), reopt® —14.5 —-17.9 16.0 —10.0 —12.6 28.0
Qa* (UQ-EM*—-nmf-imd), reopt? —-13.6 —-17.0 15.5 -10.2 -13.1 26.4
Qs*™ (UQ-EM*—-ind-SIGY —11.0 —13.9 26.5 —13.4 —16.7 18.8
Qr*~ (UQ-EM*~-ind-SIG), reoptl —11.4 —14.2 28.6 —-12.1 —15.1 21.6
UQ-EM—(PrOH)P —-11.7 —14.4 26.9 —-12.1 —14.9 26.4
A1~ (EMNQ~-nmf-indy —-11.3 —14.3 21.3 —13.0 —16.4 11.0
A"~ (EMNQ ~-nmf-ind), reopt3 —10.5 —13.3 26.0 —13.4 —16.8 9.9
exptl Q*~ in boz-QOX¢ —4.2 (14) —12.6 (14) 30.8 (8) 7.0 (14) —10.4 (14) 20.2 (8)
exptl Qu*~ in Zn-bRCH —12.6(17) —14.6(17) 22.7 (6) -9.2(17) -9.8(17) 35.0 (6)
exptl Qu*~ in Zn-bRC$ 15.4 (14) 18.2 (14) 22.4 (8) <7.0 (14) <7.0 (14) 35.6 (8)
exptl Qs*~ in Zn-bRC¢ —10.9 (17) —13.2 (17) 27.7 (6) —10.1(17) —10.4 (17) 32.2(6)
exptl UQ-3~ in iPrOH! —12.1(17) -10.4 (17) 30.6 (6) —11.2 (17) -9.8(17) 32.2(6)
exptl UQ-10~ in iPrOH® n.d. n.d. 31.7 (8) n.d. n.d. 30.8 (8)
exptl UQ-3~ in DME/MTHFf —12.1(22) —15.1 (22) 20.5(6) —13.2(22) —15.4 (22) 20.5(6)
exptl 2-methyl-NQ in PS-¥ —10.5(15) —10.5 (15) 44.0 (20) n.d. n.d. n.d.
calcd VKp* " —12.2 —15.1 22.2 —16.6 —20.4 1.5

aCf. Figure 2. Atom labels for Aconverted in analogy to the numbering used for ubisemiquinone mddafaictures adapted from ref 32; see footnote
c of Table 2. Native UQ-8 substituted with3C selectively labeled UQ-% d Native UQ-10 substituted with selectiveljC labeled UQ-3 (cf. ref 52).
e With selectively’3C-labeled UQ-133 f Reference 299 From simulations of Q- and X-band transient radical pair spectra for 2-methyl-naphthoquinone in
the A binding site>* " B3LYP/EPR-II calculations on an /Amodel made from vitamin Kand a methyl-imidazole molecule H-bonded t@%®

MHz, and those for ¢ between 17.70 and 18.00 MHz. There and Q, the Q---histidine one is strongér?® The Q.*~ model
is thus an electrostatic influence on these carbi@/ktouplings. from ref 32, with or withoutz-stacked indole (to model a
However, it is not large enough to favor any of the other models tryptophan residue), gives a lower asymmetry. The asymmetry
for the hydrogen-bonding environment. Models with artificially is better reproduced after reoptimization of the structure (cf.
shortenedhydrogen bonds provide generally too high values entries reopt 1 and reopt 2 in Table 3), but bAfttomponents
for A, of C; and too low ones for £(Table S2 in the Supporting  remain too low (absoluté, and A, values tend in turn to be
Information). An exception is due to the model where only one overestimated, in agreement with the discussion above).
O;+:-OH bond is shortened. This model provides good agree- Experimental data for the gsite are also best reproduced
ment with the experimental values. by the 2/3 model. The supermolecular model fa*Qmodel

We may also compare our computed hyperfine values to from ref 32 was based on an X-ray structure for the charge-
experimental values from other, structurally better characterized separated £Qg*~ state at 2.6 A resolutiohlt reproduces well
protein sites (Tabl.e 8). In comparison with the baCtelfw'er’ (52) Isaacson, R. A.; Abresch, E. C.; Lendzian, F.; Boullais, C.; Paddock, M.
a 1/1 model provides overall too lo#; values but gives the L.; Mioskowski, C.; Lubitz, W.; Feher, G. IfThe reaction center of
right type of asymmetry. A 2/3 model exhibits a somewnhat larger photosynthetic bacteria, structure and dynamidichael-Beyerle, M.-E.,

. Eds.; Springer-Verlag: Berlin, Germany, 1996; pp 3387.
asymmetry inA; than measured, as well as rather reasonable (53) van den Brink, J. S.; Spoyalov, A. P.; Gast, P.; van Liemt, W. B. S.; Raap,

H i J.; Lugtenburg, J.; Hoff, A. JFFEBS Lett.1994 353 273-276.
Ax anqu components. While the ,2/3 complex is far from the (54) Pushkar, Y. N.; Golbeck, J. H.; Stehlik, D.; ZimmermannJH?hys. Chem.
experimentally observed structiftéit does thus seem to model B 2004 108 9439-9448.

. ; iotribtion i ; ; (55) O’'Malley, P. J.Biochim. Biophys. Actd999 1411, 101-113.
the spin-density distribution in the 3ite well. In fact, it appears (36) Pushkar, Y. N.: Ayzatulin, . Stehiik, Bppl. Magn. Resor2005 28,

to be generally accepted that, of the two hydrogen bonds to O 195-211.
5666 J. AM. CHEM. SOC. = VOL. 128, NO. 17, 2006
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the g-tensor (see above). However, the asymmetry in the Table 4 5-Methyl *H Hyperfine Coupling Tensors HFC (in MHz)?
carbonyl'3C A, components has the wrong sign (albeit reason- 1H-HFC
able magnitude, cf. Table 3). Reoptimization of the structure

¢ ) model® Ay A, A
increases botid, components slightly but does not reverse the 0/0
- . opt 4.9 8.3 3.9
asymmetry. We suspect that the very hydrophilic environment /0 from best model 4.7 8.1 38
within the @ site provides a highly dynamical hydrogen-  0/1 4HO 2.8 5.9 1.8
bonding situation that is not adequately described by the static 0/1 4HN 2.6 5.8 17
del from ref 32 1/0 1HN 6.4 10.2 5.5
mo : 1/0 1HO 6.2 9.9 5.3
The phyllosemiquinone Asite in PS-I has only been studied  2/0 1HO-1HN 7.8 115 6.8
so far using 2-methyl-naphthoquinoA&C-labeled at the C 3/0 1HO-1HO-1HN 8.0 119 7.1
ition (Table 3). The authors state that this molecule is bound L/1 1HI-AHN 43 Iy 35
position ( )- 1he _ : 3/1-a 1HO-1HO-1HN-4HO 7.1 10.8 6.2
with the same orientation as the native phylloquinone and thus 3/1-b 1HO-1HO-1HN-4HO 7.7 115 6.8
can be used as a model system. Spectral simulation of the 2/2-a 1HO-1HO-4HO-4HO 5.0 8.5 4.2
transient radical pair spectra at two microwave frequencies are %ﬁ:g i:g:i:ﬁ:ﬁ:g"‘”o g; g 51 523
used to determine the observed HFCs. While it is clear that the /1.y 1HO-1HN-4HO 5.1 8.6 4.2
magnitude ofA; is about 40 MHz (see Table 3), the other two  2/1-c 1HO-1HN-4HO 5.2 8.8 4.3
components of the hyperfine tensor are quite difficult to 2/1-d 1HO-1HN-4HO 5.3 8.8 4.4
determine with much degree of accuracy from such spectra 2/1 THN-1HN-4HN 6.0 o1 52
w 9 y e pectra. 15 1Ho-4HO-4HN 3.9 7.2 3.0
Moreover, it is unclear to what extent the missing extended side 3/2 1HO-1HO-1HN-4HO-4HN 6.4 10.0 5.6
chain might affect the hydrogen-bonding framework and thus 2/2 1HO-1HN-4HO-4HN 4.8 8.2 4.0
the spin-density distribution. The results obtained with the A 2/3 1HO-1HN-4HO-4HO-4HN 40 3 32
model from ref 32 provide an appreciable asymmetry but a Models from ref 32
significantly too low A, value for G. Other supermolecular Qa'™ (UQ-EM~-nmf-imd-indy 3.9 7.0 3.0
model DFT calculations by O’Mallé§ on a complex between Q" (UQ-EM-nmf-imdy 4.6 79 37
. in Ki (i h hvtvl sid hai f phvll . Qa* (UQ-EM*~-nmf-imd), reoptt 4.8 8.2 3.8
vitamin K; (i.e., the phyty side chain of phylloquinone was & .- (UQ-EM—-nmf-imd), reopt2 4.0 73 31
replaced by a propene moiety) H-bonded at(@hen using Qs (UQ-EM*—-ind-SIG¥ 5.3 8.9 4.4
analogous atom labeling as shown for ubisemiquinone in Figure Qg* (UQ-El\/!"-ind-Sch), reoptt 0.0 21 —0.4
2) to a methylimidazole molecule (Table 3) provide a similar UQ-EM™ + (PrOH) 4.0 73 32
A, for C; but a still lower A at C; (and a more negativR, at Ar (EMNQ:'”m;'!ng)C 6.9 10.5 6.0
that position). While no structural data were provided in ref _A! (EMNQ “nmf-ind), reopts 7.6 113 6.7
55, the otherwise almost identical computational level makes gig:: &: n gﬁ'bQRoég g-gczl) 12-;?1) ;-25(1)
us sgspect that a very short hydrogen bgnd hqd been chosen toexptl Qs in Zn-bRCs 14 (1) 78 () 39 (1)
provide such a large asymmetry (see discussion belowtfor exptl UQ-0~ in iProH 4.8(3) 9.0 (3) 4.8 (3)
and 1’0 HFCs). exptl UQ-3~ in iPrOH 5.3(3) 8.4 (3) 5.0 (3)
| . ith isotropi tic soluti it tog ©XPIUQ-10"iniPrOH 4.8 8.5 4.8
n comparison with isotropic protic solution results, computed ¢, o yQ-0~ in DME/MTHF 5.0 (3) 8.4 (3) 5.0 (3)
data for symmetrical 2/2 models depend also sensitively on the exptl UQ-3~ in DME/mTHF 5.0(3) 8.1(3) 5.0 (3)
particular minimum structure used (cf. entries 2/2-a and 2/2-b exptl UQ-10" in DME/mTHF" 5.2(3) 8.4(3) 5.2(3)
in Table 3). They may provide symmetrical HFCs or unsym- gig:: 21,,'?nppss", Z'g W igg O 98% "
metrical ones, in the latter case witi(C4) > A,C,). The UQ- caled VK& 9.2 126 8.2

EM*~((PrOH) model from ref 32 provides symmetrical HFCs,
somewnat below the experimental vales. I Is dlear hat e L2, LU L O e, eans mosd, Moyt HPes B e
identical value§ Observed. fOT the two pqsmons n froz?n SOIU'[.lon three hydrogen gtomé.Cf. Figure 2.(01 Structures adabted frogm ref 32; see
reflect dynamical or statistical averaging. Another interesting footnote c of Table 2¢ Reference 24¢ Reference 4f X-band ENDOR and
result is the almost vanishin, at C; for 0/1 models. A general ~ X- and Q-band EPR simulatiofi8. 9 Reference 37 Reference 59.Ref-

. . . erence 60! Transient spin-polarized ENDOR. K B3LYP/EPR-II calcula-
conclusion is that one may not use measurements in 8tions on an A model made from vitamin Kand a methyl-imidazole
completely symmetrical situation (e.g., in protic or aprotic molecule H-bonded to £¥°
solvents) to estimate the carbonyl HFCs in unsymmetrical
situations. The asymmetric spin density distribution in the latter double-sided 2/1 models (Table 4). In the latter case, all three
case may lead to very different hyperfine data. components (and thus the isotropic value) are abet& RIHz

1H(CH ) Hyperfine Tensors. Table 4 shows théH HFC too low relative to the observed value, whereas the 2/0 model
tensors of the methyl group in thes@osition, averaged over is slightly closer to experiment. A 3/1 model (Table 4) also
all three hydrogen aton®$.As expected and found experimen- provides somewhat larger values. Interestingly, also the 3/2
tally,*58 the largest componend,, is oriented roughly along  model provides slightly better agreement with experiment than
the G—C(methyl) bond, and the tensor is almost but not quite the 2/1 models. Lengthening of the hydrogen bond tot®
axial, consistent with the structure of the radical (cf. Figure 1). about 2.20 A in the 2/1-a 1HO-1HN-4HO model increases the
These'H HFC tensors are the only quantity that appears to be three values by only about 0.3 MHz. Introduction of the
slightly better described by a single-sided 2/0 model than by point charge at the suspected position of lleene-airon atom

changes the tensor components by at most 0.5 MHz and thus

(57) Mattar, S. M.J. Phys. Chem. B004 108 9449-9455. H i
(28) Rohrer, M.. MacMilan. F.- Prisner. T. F.. Gardiner. A. TMos, K.: cannot ac_count for the d!screpanmes between the 2/1 models
Lubitz, W. J. Phys. Chem. B998 102, 4648-4657. and experiment. Shortening of the hydrogen bonds to 1.60 A
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increases the HFC tensor components by up to 1 MHz (Table
S2 in the Supporting Information).

We may again also compare results from the more sophis-
ticated X-ray structure-based models from ref 32 with the
corresponding experimental HFC tensors (Table 4). The Q

particularly notable for UQ-20 in 2-propanol, where they
suggest a substantial out-of-plane orientation of the measured
proton.

In the context of the Qsite, it is notable that the 3/2 model
exhibits one distinctly larger hyperfine anisotropy (1OH posi-

model without reoptimization provides excellent agreement with tion) than any of the 2/1 models, combined with an appreciably

experiment. Removal of the indole residue increases all
components by about 0.8 MHz. Full reoptimization of this
reduced model (“reoptl”) has little effect, whereas reoptimiza-

negative isotropic value. From,8/D,0O exchange ENDOR
experiments, Hasting et &l.indicated exchangeable proton
hyperfine features ofA; = —5.1 MHz andA, = 11.7 MHz and

tion under freezing of the methoxy conformation (“reopt2”) Suggested strong out-of-plane hydrogen bonding. This would
decreases the results somewhat. The @inding site model ~ P€ consistent with three hydrogen bonds tp @n improved

from ref 32 provides results slightly above experiment, whereas identification of the hydrogen-bonding environment might be
structure reoptimization leads to unrealistically low values (this ©Ptained from orientation-selective ENDOR, possibly at higher

confirms our above conclusion that the X-ray structure for the
charge-separated g~ staté may not reflect well the dynami-
cal hydrogen-bonding situation in this hydrophilic site; see
discussion above). An underestimate by ca. 2 MHz for all three
components is found for the A model, but reoptimization
increases the HFCs slightly toward experiment. Here the vitamin
K /methyl-imidazole model of O'Mall€¥ provides larger values
(at the same computational level). As discussed above for the
13C HFCs, this may reflect a choice of a very short hydrogen
bond length and thus a more asymmetric spin-density distribu-
tion than our best optimized models provide. The UQ*E(\
PrOH) model underestimates experimental values for ubisemi-
quinone in frozen 2-propanol also by aboutZ MHz.

It seems easy to be off by a few MHz in either direction for
these!H HFCs, even with relatively realistic models. It appears
that these'H(CHs) couplings are generally more sensitive to
small (unsymmetrical) changes in the wider environment of the
semiquinone than, e.gt3C HFCs org-tensors. For example,
the experimentalH(CHs) HFCs for the Q site in Table 4 are
for a pH of 6 but increase by about 2 MHz upon going to pH
8 (for all componentsy? In view of the results for other binding

frequencies or using two-dimensional pulsed EPR (HYSCORE).
170-Hyperfine Tensors.No 1O carbonyl hyperfine couplings
have as yet been measured for semiquinones in QOX. Table 6
provides predicted values for the different supermolecular model
complexes. Assuming a 2/1 double-sided model, the difference
between the @ and Q-position is only about 1.52.0 MHz
for all three components, with the value for ®eing lower.
That is, mainly the isotropic HFC differs between the two
oxygen centers. The single-sided 2/0 model provides a much
larger difference of about 20 MHz fdk,, whereas thé\ and
A, components are about 6 MHz more negative artl@an on
O; (Table 6). 3/1 models give about 15 MHz more negafiye
and about 4 MHz more negativg and A, values on Q. The
addition of a double point charge at the presurhethe-aron
position in the 2/1 1HO-1HN-4HO model reducAgO,) by
about 2 MHz and increasés(O,4) by about the same amount.
The asymmetry is thus potentially increased by the electrostatic
effect of theheme-agroup maximally from about 2 MHz to
about 6 MHz. It seems that tHéO HFCs (of suitably labeled
samples) reflect the hydrogen-bonding situation less than the
corresponding3C HFCs (see above and ref 56). Whether they
may be of diagnostic value will depend on the experimental

sites and other model complexes, and based on the relativelyresolution available (see below).

modest differences between models, we do not think that the
1H(CHz) HFCs provide strong evidence for a single-sided model
either.

IH Hyperfine Tensors for Hydrogen-Bonded Protons.
Table 5 providesH HFCs for the hydrogen-bonded protons,
together with some experimental values for semiquinones in
different environments. A few general trends related to the
structures in Table 1 may be noted from the computed values.
(a) LargerAgs values & 6 MHz) are associated with short
hydrogen bonds, whereas the hydrogen bonds eBok tend
to exhibit values around-45 MHz. The particularly largéss
values in some of the quoted experimental cases (in particular
Qa°*~ in bacterial reaction centers, but also theAsite in

When turning to ubisemiquinone sites with experimentally
known!’0O HFCs (Table 6), we note that the ca. 18 MHz larger
A, for O; for Qa*~ is somewhat underestimated (ca. 11 MHz)
by a 1/1 model (which is close to the actually observed
structure), as thé\; value or Q is too negative. The more
sophisticated @~ model from ref 32 provides a similar
asymmetry (1213 MHz) but even slightly larger absolute
values. Reoptimization of this model enhances the asymmetry
and provides thus better agreement with experiment (with
somewhat too large absolute values, cf. entry “reoptl1”). On the
other hand, the resolution of the experimental asymmetry is
somewhat uncertain anyway (and the assignment to the two
positions was based on the relafé@ data)?

photosystem I) suggest thus a rather short and strong hydrogen Experimental uncertainties are even more pronounced for the
bond, in agreement with observation. (b) As one might expect, Qg site, where the asymmetry has been obtained from the
essentially dipolar tensors (withis, < 1 MHz) are found in simulation of a single peak that was about 30% broader than
particular for hydrogen bonds close to the ring plane (or in one that for Q\ at the same experimental conditions. None of the

case for an extremely out-of-plane hydrogen bond, cf. 3/1-b
model), whereas the hydrogen bonds wjthvalues between
ca. 20—60° tend to exhibit larger isotropic contributions. This
is well-known from ENDOR measuremeritd’-°8-62Among the
experimental examples included, isotropic contributions are

(59) MacMillan, F.; Teutloff, C.; Boullais, C. Unpublished results.
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(60) Rigby, S. E.; Evans, M. C.; Heathcote,Blochemistry1l996 35, 6651
6

(61) Teutloff, C.; Bittl, R.; Lubitz, W.Appl. Magn. Resor2004 26, 5—21.

(62) Pushkar, Y. N.; Stehlik, D.; van Gastel, M.; Lubitz, \J.. Mol. Struct.
2004 700, 233-241.

(63) O'Malley, P. J.; Babcock, G. Td. Am. Chem. Sod986 108 3995-
4001

(64) Florés, M.; Isaacson, R. A.; Calvo, R.; Feher, G.; Lubitz,Ghem. Phys.
2003 294, 401—413.



Qx Quinone Binding Site of Quinol Oxidase ARTICLES

Table 5. H Hyperfine Couplings (in MHz) for Exchangeable Hydrogens

H-HFC (MHz) IH-HFC (MHz)

model? H-bond? A A Az model? H-bond? A A Az

0/14HO 4HO -56 —-53 7.2 2/1-b 1HO-1HN-4HO 1HO —-3.4 -3.1 6.3
0/1 4HN 4HN —-30 —-24 6.0 1HN —-25 —2.4 5.2
1/0 1HN 1HN -35 -34 65 4HO —-4.4 —4.2 6.9
1/0 1HO 1HO —-36 —-32 6.5 2/1-c 1HO-1HN-4HO 1HO —-3.3 —-2.9 6.2
2/0 1IHO-1HN 1HO -6.1 57 7.2 1HN —-25 —-2.4 5.3
1HN —-32 —-31 58 4HO —-4.4 —4.2 6.8

3/0 1HO-1HO-1HN 1HO —-36 —-35 43 2/1-d 1HO-1HN-4HO 1HO -4.1 —-3.9 6.5
1HO -3.7 —-33 57 1HN -3.0 —-2.8 55

1HN —-49 —-43 64 4HO —-5.0 —4.9 7.1

1/1 1HN-4HN 1HN —-3.0 —-29 6.4 2/11HN-1HN-4HN 1HN —-2.9 —2.6 6.0
4HN -34 -30 6.6 1HN —2.4 —2.2 5.2

3/1-a IHO-1HO-1HN-4HO 1HO -36 —-35 44 4HN —-3.4 -3.0 6.6
1HO -41 -36 6.0 1/21HO-4HO-4HN 1HO =21 —-1.0 4.5

1HN -50 —-45 6.3 4HO —2.9 —2.6 6.0

4HO 49 —-44 6.4 4HN —-3.6 —-3.4 5.8

3/1-b 1THO-1HO-1HN-4HO 1HO -21 —-20 44 3/21HO-1HO-1HN-4HO-4HN 1HO —6.8 —6.4 7.8
1HO -65 —-60 7.8 1HO —2.4 —-2.3 4.6

1HN —-23 —-21 48 1HN —2.4 —-2.1 4.9

4HO -50 —-48 7.0 4HO -3.1 —-2.8 6.1

2/2-a 1HO-1HO-4HO-4HO 1HO —-32 —-37 65 4HN -4.1 —-3.8 5.9
1HO -24 —-23 45 2/21HO-1HN-4HO-4HN 1HO —3.3 —-2.9 6.6

4HO —22 —22 45 1HN —2.6 —2.4 5.7

4HO —-38 —-33 638 4HO —3.1 —-2.9 6.1

2/2-b 1HO-1HO-4HO-4HO 1HO -38 -37 64 4HN —4.1 —-3.8 6.0
1HO -33 —-32 4.6 2/31HO-1HN-4HO-4HO-4HN 1HO —3.2 —-2.8 6.7

4HO -23 —22 45 1HN —2.6 —2.4 5.7

4HO -33 —-28 6.6 4HO —-4.0 —3.7 5.2

2/1-a 1HO-1HN-4HO 1HO -34 -31 6.3 4HO —-5.9 —4.8 6.3
1HN -25 —-24 54 4HN —-3.3 —-2.9 5.0

4HO -43 —-41 6.7

Qa*~ (UQ-EM ~-nmf-imd-indy 1HN -65 —62 82 1HN -1.9 -1.3 3.3
4HN -54 -52 80 4HN —-3.4 -3.0 6.5
Qa"™ (UQ-EM —-nmf-imdy 1HN -6.4 —6.1 82 UQ-EM (PrOH)° 1HO —-5.7 —5.6 7.0
4HN -54 -52 80 1HO -3.4 -3.1 6.5
Qa*~ (UQ-EM*~-nmf-imd), reopt?  1HN —-45 —-43 6.9 4HO -7.2 -6.8 7.1
4HN -47 —-45 7.3 4HO —4.0 —-3.7 6.7
Qa"” (UQ-EM—-nmf-imd), reopt?2  1HN  —4.7 —47 7.2 A (EMNQ-nmf-indp 1HN -25 -2.2 5.9
4HN —-49 —47 7.6 A" (EMNQ~-nmf-ind), reopt3 1HN -3.4 -2.9 6.4
Qs*~ (UQ-EM*—-ind-SIGy 1HO —-22 -21 3.8 exptlUQ-10 in'PrOH HO —1.33 —-1.33 6.00
1HN —42 —40 58 exptlBQ inPrOH HO —-2.8 —-2.8 5.9
1HN —20 —-14 33 exptlBQ inHxO® HO —2.66 —2.67 6.36
4HN —45 —4.2 7.3 exptl Q" inZn-bRCE HN (—)4.6 (—)4.6 8.9
Qr*~ (UQ-EM*~-ind-SIG), reoptl 1HO —2.6 —22 4.8 exp.deuterated 2-methyl-NQ in PS-1 HN —4.9 —4.9 7.7

1HN -43 —-41 57

a Cf. Figure 2.P Structures adapted from ref 32; see footnote ¢ of Tabfe=2om ENDOR difference spectra (protonated minus deuterated 2-proganol).
dReference 632 Reference 64" Reference 49 Reference 62.

models studied appears to reproduce the smaller asymmetry forsite-directed mutant®,(c) various EPR, ENDOR, and ESEEM
Qg*~ particularly well. The @~ model from ref 32 exhibits  studies'®2%24 and (d) our present quantum chemical calcula-
the wrong sign of the asymmetry, and reoptimization worsens tions, we may propose a refined model for the binding mode
matters. Apart from the experimental uncertainties, it is also of the semiquinone state in the,Qite ofbo; QOX. Based on
possible that the spin density distribution in the very flexible the model of Abramson et al. for the binding sifeand
Qs site is not well represented by the particular static model accepting a double-sided 2/1 hydrogen-bonding environment
used (see discussion above). with the single hydrogen bond on the Side, we arrive at the

In the case of 2-methyl-naphthosemiquinone in thesie tentative model shown in Figure 3, in which Asp75 and Arg71
of PS-I (Table 6), the A models of ref 32 give reasonable hydrogen-bond to Qof the semiquinone and X represents the
asymmetry, particularly after reoptimization (“reopt3”). The single hydrogen bond to OIn this case, His98 and GIn101
vitamin Ky/methyl-imidazole model of O’Mall€¥y for Ay~ would not be involved in hydrogen bonding to the semiquinone.
gives a more pronounced asymmetry (largefor O,). Again This choice rests on the ESEEM dafacoupling to a single
(see discussion above f&iC and'H HFCs) this may reflect a  nitrogen nucleus, assigned to a backbone peptide nitrtfgen,
choice of a very short hydrogen bond length and thus a very while no indications for a coupling to histidine have been found.
asymmetric spin density. The experimental data are sufficiently specific to exclude a

A Model for Cofactor —Protein Interactions in the Qu strong interaction to histidine, whereas a backbone peptide
Binding Site. Taking all available data into account that is nitrogen and an arginine nitrogen could not be distinguished so
available from (a) crystallograpHy,(b) functional studies of easily. Thus, the model in Figure 3 is consistent with the
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Table 6. Computed 17O Hyperfine Coupling Tensors HFC (in
MHz) for the O; and O, Positions

Y0-HFC at O; 0-HFC at O,
model? Ay Ay A, Ay Ay A,
0/0 optimized 19.3 18.6 —96.6 19.1 18,5 —96.2
0/0 from best modél 22.2 215 -107.8 18.0 17.3 —91.9
0/1 4HO 22.3 21.7-106.9 149 14.2 —-82.2
0/1 4HN 22.8 22.2-108.4 14.3 13.5 —79.8
1/0 1HN 17.1 16.3 —90.0 20.0 19.3 —99.3
1/0 1HO 15.9 15.2 —87.5 20.6 19.9-102.6
2/0 1HO-1HN 15.0 14.2 —82.7 20.5 20.0 —98.5
3/0 1HO-1HO-1HN 13.5 12.6 —74.5 22.1 21.5-105.5
1/1 1HN-4HN 18.9 18.2 —97.6 16.0 15.3 —86.4
3/1-a 1HO-1HO-1HN-4HO 14.7 13.9-80.8 19.4 18.9 —95.6
3/1-b 1HO-1HO-1HN-4HO 14.4 13.7 —78.3 18.6 18.0 —95.0
2/2-a 1HO-1HO-4HO-4HO 16.3 15.5—-89.4 16.4 156 —91.2
2/2-b 1HO-1HO-4HO-4HO 16.8 16.0 -91.1 16.4 15.6 —90.0
2/1-a 1HO-1HN-4HO 16.3 15,5 —88.2 17.8 17.1 —91.2
2/1-b 1HO-1HN-4HO 155 14.8 —87.4 18.3 17.6 —94.6
2/1-c 1HO-1HN-4HO 15.6 14.8 —87.6 18.4 17.7 —95.4
2/1-d 1HO-1HN-4HO 15.1 144 —85.5 185 179 —95.6
2/1 1HN-1HN-4HN 16.2 154 —89.2 17.0 16.4 —90.0
1/2 1HO-4HO-4HN 18.6 18.0 —97.9 14.7 14.0 —82.6
3/2 1IHO-1HO-1HN-4HO-4HN 15.7 15.0 —84.9 15.2 14.6 —85.0
2/2 1THO-1HN-4HO-4HN 17.2 16.5 —95.8 14.3 13.7 —81.4
2/3 1HO-1HN-4HO-4HO-4HN 18.2 17.5-98.5 12.7 12.0 —71.0
Models from ref 32
Qa"” (UQ-EM—-nmf-imd-indy 18.8 18.2 —94.8 14.7 14.1 —82.4
Qa* (UQ-EM—-nmf-imdy ~ 18.4 17.8 —95.3 14.7 14.1 —83.1
Qa*” (UQ-EM*~-nmf-imd), 19.2 18.6 —98.0 14.6 13.9 —79.6
reopt®
Qa*” (UQ-EM~-nmf-imd), 18.9 18.3 —96.6 15.3 14.7 —83.1
reopt2
Qg*~ (UQ-EM*—-ind-SIGY 15.0 14.3 —81.7 17.3 16.6 —935
Qe (UQ-EM*-ind-SIG), 16.2 15.3 —85.5 16.4 15.8 —87.9
reopt®
UQ-EM*~ + (PrOH)d 15.2 146 —84.8 15.8 15.2 —87.1
A~ (EMNQ ~-nmf-indy! 15.6 14.8 —83.3 17.5 16.8 —86.9
A1~ (EMNQ ~-nmf-ind), 145 13.8 —79.7 17.7 17.0 —87.3
reoptd
exptl Qu*~ in Zn-bRG® (—)94 ()75
exptl @*~ in Zn-bRG,® (—)88 (—)82
exptl BQ~ iniProH —91.6 —91.6
exptl DQ~ in iPrOH? —81.4 —81.4
exptl 2-methyl-NQ inPrOH (—)78 n.d.
exptl 2-methyl-NQ in PSi| 45 45 ()77 45 45 ()84

calcd VK

13.4 140 —-83.1 19.6 20.1 —97.3

aCf. Figure 2. Atom labels for Aconverted in analogy to the numbering
used for ubisemiquinone modebsFully optimized gas-phase radical.
¢Isolated radical but with structure taken from the 2/1 1HO-1HN-4HO
model.9 Structures adapted from ref 32; see footnote ¢ of Tab(d.
ref 4.f From W-band EPR in frozen deteurated 2-propdhdiFrom Q-band
EPR in frozen deuterated 2-propafdbl." Reference 59.Reference 56.
I B3LYP/EPR-II calculations on an #Amodel made from vitamin Kand a

methyl-imidazole molecule H-bonded tq,.6%

Figure 3. Binding-site model derived for cofacteprotein interactions in

the Q site of bos quinol oxidase.

available ESEEM dat#,with the general model of the binding
site by Abramson et af% and with theg-tensor and hyperfine
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datal® On the other hand, we cannot exclude that more hydrogen

bonding is present on both sides, in a situation that would be

better described by a 3/2 model (see above). Both 2/1 and 3/2
models share an asymmetric yet not single-sided arrangement
with one more hydrogen bond to;@han to Q.

4. Conclusions

Our calculations suggest that the hydrogen-bonding environ-
ment in the high-affinity (Q) binding site ofbos quinol oxidase
is asymmetrical to the two carbonyl oxygen atomgsadd Q
of the ubisemiquinone, but not single-sided te &one. The
single-sided model would not be consistent with the rather low
0x component of the-tensor, and it would also give a far too
large asymmetry of the two carbonyC hyperfine couplings.
Our best models suggest two hydrogen bondsari@ one to
04, and we have provided a tentative assignment of the protein
residues involved, based on the suggested binding site from
X-ray crystallography® A 3/2 model with more extensive
hydrogen bonding is equally possible. Both of these hydrogen-
bond patterns appear to be consistent with the high affinity of
the Qq site for the semiquinone state.

The present quantum chemical calculations of hyperfine and
g-tensors for a large variety of supermolecular models of
ubisemiquinones in different environments have provided ap-
preciable general insight into the interrelationships between
hydrogen-bond environment and EPR parameters. While our
main goal was to better understand thg le)nding site ofbos
quinol oxidase, the data provided may be used also in other
cases, where accurate structural data for the semiquinone state
are lacking. While thg-tensor is a very compact representation
of the spin-density distribution, we may at least rely on the
sensitivity of thegx component for the strength of hydrogen
bonding in general and on the larger reductiomg,dfy double-
sided relative to single-sided hydrogen bonding. The asymmetry
of 13C hyperfine couplings of the carbonyl groups reflects the
asymmetry of the hydrogen-bonding framework characteristi-
cally, if one keeps in mind that one may not straightforwardly
transfer HFC values from symmetrical to asymmetrical environ-
ments. ThéH HFCs of the methyl group appear to be difficult
to reproduce computationally, as small structural inaccuracies
or environmental effects may cause relatively large deviations.
Determination of exchangeable proton hyperfine couplings will
provide additional useful information, and experiments are
currently being performed to determine them.
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Supporting Information Available: Figure S1 shows the
variation of Agy and Agy with the hydrogen-bond distance to
O, (for 2/1-a 1HO-1HN-4HO model), and Figure S2, the
variation of'3C(carbonyl)A, hyperfine components (Gnd G
positions) with hydrogen-bond distance ta @r 2/1-a 1HO-
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1HN-4HO model). Figure S3 provides spin-density isosurface been shortened to 1.60 A. Table S3 gives Cartesian coordinates
plots and Mulliken atomic spin density values for a number of of the more specific models of semiquinones iR"Q Qg"",
model complexes. Table S1 gives Cartesian coordinates of threeand A*~ binding sites (cf. also ref 32). Full authorship of ref

structures modeling possible relative arrangements of 2/1-a42 This material is available free of charge via the Internet at
1HO-1HN-4HO model and a double point charge at the heme-a http://pubs.acs.org.

iron position. Table S2 provides structural and EPR parameters
for the 2/1-a model where some or all hydrogen bonds have JA053988B
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