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Density Functional Calculations on Model Tyrosyl Radicals
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ABSTRACT A gradient-corrected density functional theory approach (PWP86) has been applied, together with large basis
sets (IGLO-III), to investigate the structure and hyperfine properties of model tyrosyl free radicals. In nature, these radicals are
observed in, e.g., the charge transfer pathways in photosystem 11 (PSII) and in ribonucleotide reductases (RNRs). By
comparing spin density distributions and proton hyperfine couplings with experimental data, it is confirmed that the tyrosyl
radicals present in the proteins are neutral. It is shown that hydrogen bonding to the phenoxyl oxygen atom, when present,
causes a reduction in spin density on 0 and a corresponding increase on C4. Calculated proton hyperfine coupling constants
for the p-protons show that the a-carbon is rotated 75-800 out of the plane of the ring in PSII and Salmonella typhimurium
RNR, but only 20-300 in, e.g., Escherichia coli, mouse, herpes simplex, and bacteriophage T4-induced RNRs. Furthermore,
based on the present calculations, we have revised the empirical parameters used in the experimental determination of the
oxygen spin density in the tyrosyl radical in E. coli RNR and of the ring carbon spin densities, from measured hyperfine
coupling constants.

INTRODUCTION

There is now a growing body of experimental evidence for
the existence of both stable and transient amino acid radi-
cals in the electron transfer pathways in, e.g., photosystem
II (PSII) in green plants or ribonucleotide reductases
(RNRs) in bacteria or higher organisms. Through electron
spin resonance spectroscopy (ESR), electron nuclear dou-
ble-resonance measurements (ENDOR), electron spin echo
envelope measurements (ESEEM), and x-ray crystallogra-
phy, the positions and properties of some of these species
have been carefully determined (Barry et al., 1990; Bender
et al., 1989; Graslund and Sahlin, 1996, and references
therein; Hoganson and Babcock, 1992; Hoganson et al.,
1996; Nordlund and Eklund, 1993; Nordlund et al., 1990;
Rigby et al., 1994; Sahlin et al., 1982; Tommos et al., 1995;
Wamcke et al., 1994). Many unknowns still prevail, how-
ever, regarding, e.g., the influence of hydrogen bonding, the
exact local geometries, and, in some cases, whether the
species exist as neutral radicals (through the removal of a
hydrogen atom) or as radical cations (in which only an
electron has been removed, but where the proton remains
bound to the amino acid side chain). It has been proposed by
Barry and Babcock (1987) that accurate g-tensor analyses
can be employed to distinguish between neutral and cationic
radicals.
One such intriguing amino acid radical system is the

oxidized deprotonated tyrosyl radical, shown to participate
in the charge transfer pathways of several biological sys-
tems. In RNR and PSII, the tyrosyl side chain is located in
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the vicinity of a transition metal with redox activity that is
essential for biological function (Nordlund and Eklund,
1993). Also present in the hydrophobic cavity surrounding
the tyrosyl group are some aspartate and histidine groups,
allowing for further stabilization through hydrogen bond-
ing, and in some cases participating in subsequent steps of
the charge transport (Graslund and Sahlin, 1996, and refer-
ences therein; Nordlund and Eklund, 1993; Nordlund et al.,
1990).

Parallel to the latest breakthroughs in the experimental
detection of these types of systems, theory has now reached
the state where it actively can contribute detailed knowledge
to solving many of the problems of interest in biophysics.
With this aspect in mind, we have recently started to inves-
tigate the properties of the amino acid radicals involved in
the above-mentioned charge transfer processes from a the-
oretical perspective. In the present work we concentrate on
the tyrosyl radical and show this to be a novel case where
the high precision of recently determined experimental spin
densities (Hoganson et al., 1996) is perfectly matched by
that of the theoretical methodology based on gradient-cor-
rected density functional theory (DFT).
DFT has evolved over the last five years into one of the

major approaches in computational quantum chemistry and
has been shown in a number of studies to yield geometric
structures within 0.01 A and 1-2°, binding energies within
a few kcal/mol, and-of particular interest in the present
study-radical hyperfine couplings generally within -20%
of experimental data (Andzelm and Wimmer, 1992; John-
son et al., 1993; Bauschlicher, 1995; Malkin et al., 1995,
and references therein; Barone, 1994, 1996; Cohen and
Chong, 1995). DFT, furthermore, has the computational
advantage that we are able to treat far larger systems than
with conventional Hartree-Fock-based ab initio methods,
because of a favorable scaling with increasing number of
electrons, with a retained high level of accuracy.
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THEORETICAL METHOD

The gradient-corrected DFT functionals developed by Per-
dew and Wang for the exchange term (PW) (Perdew and
Wang, 1986) and by Perdew for the correlation contribution
(P86) (Perdew, 1986a,b) have been employed throughout
the study. This functional combination has previously
proved (together with the "B3LYP" hybrid functional;
Becke, 1993; Lee et al., 1988) to be the most appropriate
form for studies of radical hyperfine properties, routinely
generating hyperfine coupling constants (hfcc) within 20%
of experimental values for a wide range of radical systems
(Malkin et al., 1995, and references therein; Barone, 1994,
1996; Eriksson et al., 1994, 1995; Eriksson, 1995), provided
basis sets of sufficient accuracy are employed. (The form
implemented and used for hfcc calculations does, however,
differ slightly from the original suggestion by Becke.) Prob-
lem cases do exist, however, where the deviations are far
larger.
The orbital basis sets employed for the hyperfine struc-

ture calculations belong to the IGLO-III family (Kutzelnigg
et al., 1990) (IGLO: individual gauge of localized orbitals).
These are based on Huzinaga's lls7p series (Huzinaga,
1965; Huzinaga and Sakai, 1969), which are very loosely
contracted and to which a double set of polarization func-
tions are added. To increase computational speed, the ge-
ometries were optimized throughout by using the smaller
local density-optimized double zeta plus valence polariza-
tion (DZVP) bases by Andzelm and co-workers (Godbout et
al., 1992), followed by single-point hfcc calculations using
the larger IGLO bases. Initial tests showed that although the
DZVP basis yielded slightly longer bonds than IGLO-I1I
(-0.1iA), the spin densities and hfcc were almost identical
between the IGLO-IIL//DZVP and the IGLO-IIII/IGLO-III
calculations. For the fitting of the charge density and the
approximate exchange-correlation potential, we have used
the auxiliary basis sets (5, 1;5, 1) for H and (5, 2;5, 2) for the
remaining atoms (Sim et al., 1991). The digits denote the
number of s, spd even-tempered Gaussian functions used in
the fitting procedures. The deMon program is used through-
out (St-Amant and Salahub, 1990; St-Amant, 1991; Salahub
et al., 1991; Daul et al., 1993).
The hyperfine coupling constants are part of the spin

Hamiltonian and arise from the interaction between the
unpaired electron(s) and the magnetic nuclei in the sample.
The isotropic component of the 3X 3 hyperfine interaction
tensor is related to the spin density at the positions of the
nuclei, and can be computed using the expression

Aiso,N = 3 gfegNfN(Sz1 E P, (0,1,(rkN)j6(rkN)1,(rkN))-

In the equation, P" is an element of the spin density
matrix; ge and 13e are the electronic g-factor (taken as the
free electron value, 2.0023) and Bohr magneton, respec-

(S,) is the value of the spin angular momentum (1/2 for
doublet systems). The Dirac delta function ensures that the
integral is evaluated at the position of the nuclei only.
The remainder of the hyperfine tensor, once the isotropic

component has been subtracted out, is referred to as the
anisotropic, or dipolar, hyperfine part. This is obtained by
using integrals describing dipole-dipole interactions, multi-
plied by essentially the same prefactors as shown above.
The exact formulae for computing radical hfcc have been
given in great detail elsewhere (cf. Malkin et al., 1995, and
references therein). The total spin densities, also reported in
the present work, were obtained throughout by Mulliken
population analysis.

RESULTS AND DISCUSSION

Choice of model for the tyrosyl radical and
radical cation

The unpaired electron in the tyrosine radical or radical
cation will be localized almost entirely to the phenoxyl ring
of the side chain (Barry et al., 1990; Bender et al., 1989;
Graslund and Sahlin, 1996, and references therein; Hogan-
son and Babcock, 1992; Rigby et al., 1994; Sahlin et al.,
1982; Tommos et al., 1995; Warncke et al., 1994). Hence
from a computational perspective, it is of primary interest to
find a model that closely describes all of the features of the
system as observed experimentally, but in which we can
neglect as far as possible the main part of the protein
backbone. To this end, three systems of increasing size have
been employed to approximate the neutral tyrosyl radical:
phenoxyl (C6H50), p-methylphenoxyl (CH3C6H4O), and
p-ethylphenoxyl (CH3CH2C6H4O) (Fig. 1 a-c, respectively).
For the corresponding radical cations, we used the smallest
model only, C6H5OH+ (Fig. 1 d).
The PWP86/DZVP optimized geometries of these four

systems are displayed in Fig. 1, and in Table 1 we list the
total atomic spin densities computed at the PWP86/IGLO-
III level on these geometries. In the table we also include
some experimental data observed for the tyrosyl radicals in
a few different proteins (Hoganson et al., 1996; Tommos et
al., 1995), and previous theoretical values obtained at the
density functional theory B3LYP/6-31G(d) and SVWN/6-
3 1G(d) levels and the semiempirical AMI/INDO level (Qin
and Wheeler, 1995a, 1996; O'Malley et al., 1995). The
optimized structure of the smallest phenoxyl radical and the
radical cation agrees very closely with those obtained at, in
particular, the BLYP/6-31G(d) level by Qin and Wheeler
(1995b, 1996). In comparison with data from calculations at
correlated ab initio and various other DFT levels (Chipman
et al., 1994; Liu and Zhou, 1993; Qin and Wheeler, 1995b,
1996), the PWP86/DZVP optimized bond lengths are
slightly longer-which is similar to the observation made
between the structures obtained with the DZVP and IGLO-
III bases described above. Substituting the hydrogen bonded
to Cl (in para position to the oxygen) for a methyl or ethyl
group (Fig. 1, b and c, respectively) has essentially no effect

Himo et al. 1 557

tively; 9NandONare the coffesponding nuclear terms; and



Volume 72 April 1997

*.

I-s

94.).-

,"If.....

It
".)

FIGURE 1 PWP86/DZVP optimized geometries of
ical/radical cation models used in the study. Absolu
from single-point PWP86/IGLO-III calculations on
tures are (a) phenoxyl radical, -307.33260 a.u.; (E
radical, -346.71936 a.u.; (c) p-ethylphenoxyl radica
and (d) phenoxy radical cation, -307.67125 a.u., res

on the geometry of the remainder of the s
ment with earlier findings (Qin and Whee
the ethyl-substituted species, two models
relative orientation of the ethyl tail (rol
C1-Cf3 bond) were investigated. To retain
metry in the system we placed the ethyl gro
either in the benzene ring plane or perpendi4
C.a_CjP_C1C6 dihedral angles in these twe
fined as00 (in plane) or 900 (out of plane), r

conformation of lowest energy was found
bon was locked perpendicular to the ring pl;
in Fig. 1 c. As expected, the geometric diff
the phenoxyl radical (Fig. 1 a) and the pr
cation (Fig. 1 d) are much larger than wha
alkyl substition to the neutral system. In par
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ticular, the C4-0 (i.e., Aii = Aiso + Tij)-
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bond is found to increase significantly, from 1.272 A to
1.331 A.

I The total atomic spin densitites, obtained from Mulliken
population analysis, clearly display the alternating pattern
expected for these types of systems (Table 1). The spin
density is entirely localized to the ring carbons and the
oxygen, also for the alkyl-subtituted systems 1 b and 1 c. All
hydrogen spin densities are less than 0.03 a.u. for all sys-
tems, and thus are not included in the table. Comparing the

X4 present spin densities with experimental data (Hoganson et
al., 1996; Tommos et al., 1995), we find that there is a close
agreement with the data obtained for the neutral systems,
although the computed oxygen spin densities appear to be
overestimated. The reason for this is either a significant,
localized cation character of the oxygen end (as the agree-
ment with the remaining atoms in the neutral systems is
most satisfactory), or that the empirically based experimen-
tal estimates of the oxygen spin density are incorrect. Both
of these aspects are investigated in detail below. Because
atomic spin densities are realtively insensitive to the level of
theory, the PWP86/IGLO-III data are in good agreement
with the DFT data reported by Qin and Wheeler (1995a,

-, X 1996). In accordance with the currently observed effects of
alkyl substitution of the neutral system, Qin and Wheeler
also found that adding the full amino acid backbone to the
system has little effect on the spin densities on the phenoxyl

X~ fragment (Qin and Wheeler, 1995a). We also note that their
LDA spin densities for neutral phenoxyl appear to be closer
to experiment than do the present PWP86/IGLO-III results.
This is most likely caused by the use of an insufficient
method in the previous work, as it is a well-known artefact

.' of the LDA method to generate a too small localization of
the electron density. From a theoretical standpoint, the
present approach is more accurate. Qin and Wheeler did not
report spin densities from their more recent (and more

the four tyrosyl rad- accurate) B3LYP/6-3 1G(d) studies (Qin and Wheeler,
te energies obtained 1996). The spin densities on oxygen and three of the car-
the optimized struc- bons (C3-C5) in the cationic system deviate considerably5) p-methylphenoxyl
i, -386.09989 a.u.; from those of the neutral systems (Table 1).
;pectively. In Table 2 we show the PWP86/IGLO-III//DZVP com-

puted hyperfine coupling constants (1H, 13C, and 170) for
systems 1 a and 1 d, and in Table 3 we summarize the

ystem, in agree- experimental data available for the ring protons. Previous
-ler, 1995a). For theoretical data include empirical estimates using the rela-
differing in the tions by Stone and Maki (1962) for the rotation of the alkyl
tation about the chain and the McConnell-Strathdee relations (McConnell
a plane of sym- and Strathdee, 1959, and references therein) for the ring
)up carbon atoms protons, calculations using the semiempirical AMl/INDO
cular to this. The approaches on the neutral systems (Allard et al., 1996;
) models are de- Barry et al., 1990; Bender et al., 1989; Hoganson and
respectively. The Babcock, 1992; O'Malley et al., 1995; Rigby et al., 1994),
when the a-car- and, very recently, DFT computed isotropic proton hfcc for
ane, as displayed the cation (Qin and Wheeler, 1996). In Table 2 we have
Ferences between listed the hyperfine couplings as Ais.,Txx andT, These are
rotonated radical converted to the experimentally measured values (Table 3)
it we observe by by adding the isotropic component to the anisotropic ones
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TABLE 1 Atomic spin densities on carbon and oxygen in the four tyrosyl model systems shown in Fig. 1

Spinach SVWN/ B3LYP/
Fig. 1 a Fig. 1 b Fig. 1 c Fig. 1 d E. coli YD 6-31G(d) AMI 6-31G(d)

Atom (neutral) (neutral) (neutral) (cation) RNR PSII (neutral) (neutral) (cation)

C1 0.40 0.39 0.39 0.43 0.38 0.37 0.32 0.33 0.46
C2 -0.13 -0.12 -0.12 -0.06 -0.08 -0.07 -0.06 0 -0.10
C3 0.30 0.28 0.28 0.17 0.25 0.24 0.24 0.22 0.18
C4 -0.05 -0.03 -0.03 0.21 -0.05 0.01 -0.02 0.04 0.22
C5 0.30 0.28 0.28 0.14 0.25 0.24 0.24 0.23 0.12
C6 -0.13 -0.12 -0.12 -0.03 -0.08 -0.07 -0.06 0 -0.05
0 0.38 0.36 0.37 0.20 0.29 0.26 0.38 0.17 0.19
C -0.04 -0.04 0.03 0.01
Ca - 0.03

a, b, c, Neutral radicals; d, radical cation. Experimental data for neutral tyrosyl free radicals in spinach PSII YD and E. coli RNR (Hoganson et al., 1996;
Tommos et al., 1995), and computed data for the phenoxyl radical (SVWN/6-31G(d) (Qin and Wheeler, 1995a) and AMI (O'Malley et al., 1995)), and
the phenol radical cation (B3LYP/6-31G(d) (Qin and Wheeler, 1996)) are also included for comparison.

Similar to the results for the spin densities, the hfcc of the
different neutral systems show only small variations due to
the alkyl substitution, whereas the data for the cationic
system deviate considerably from those obtained for the
neutral ones. With the one exception of the Cl carbon in the
methyl-substituted radical (Fig. 1 b), the changes between
the hfcc of the neutral models are in most cases within 0.5
G. In the ethyl-substituted compound (Fig. 1 c; not included
in the table), isotropic 13C hfcc of 11.2 G (Ca) and -3.7 G
(Cp) are obtained in the case where the a-carbon lies per-
dendicular to the plane of the benzene ring. The anisotropies
are very small throughout.

Experimental data are available for the hydrogens in the
phenoxyl and p-methylphenoxyl radicals and the phenol
radical cation. Comparing computed isotropic proton hfcc
of the two neutral radicals with experiment (Table 2), we

note that the H2/H6 protons are in very close accord, but
that the H3/H5 protons are -0.5 G too small. The experi-
mental decrease in hfcc on H3/H5 upon methyl substitution
(0.4-0.5 G) is, however, well described. For the methyl
group, comparison between the computed averaged results
and the rotationally averaged data observed experimentally
should be made with some caution, as we have not made a
full averaging including the rotational motion in the present
work, but have merely summed the static contributions from
the three protons at the global potential energy minimum.
For the cation radical, the deviation between theory and
experiment is slightly larger. A comparison with the calcu-
lated B3LYP/6-31G(d) hfcc of the phenol radical cation
also displays some deviations. The agreement of the present
work with experiment is better for H2/H6 but worse for HI
and H3/H5. Because of the considerable difference in the

TABLE 2 PWP86/IGLO-IIIHDZVP calculated hyperfine coupling constants (Gauss) for 1H, 13C, and 170 isotopes in the phenoxyl
radical (Fig. I a), the p-methylphenoxyl radical (Fig. I b), and the phenoxy radical cation (Fig. I d).*

Phenoxyl radical p-Methylphenoxyl radical Phenoxy radical cation

Atom Aiso TXX T.. Aiso T x Tzz Aiso TXX T."
C1 12.01 -10.68 20.73 12.05 -10.78 20.95 13.04 -12.38 24.31
C2 -8.08 -4.70 2.62 -7.43 -4.06 2.27 -6.02 -1.98 1.17
C3 7.39 -7.71 15.08 6.70 -7.27 14.18 2.97 -5.15 9.88
C4 -10.08 -1.35 1.66 -9.46 -0.77 1.39 2.53 -7.56 14.85
C5 7.39 -7.71 15.08 6.70 -7.27 14.18 1.33 -3.93 7.47
C6 -8.08 -4.70 2.62 -7.43 -4.06 2.27 -4.82 -0.35 0.29
O -7.68 -41.16 20.63 -7.36 -39.47 19.78 -5.51 -24.34 12.43
H1 -8.03 -5.28 5.48 - -9.52 -5.89 6.55
H2 1.81 -1.02 1.00 1.46 -1.03 0.95 0.48 -1.02 1.43
H3 -6.01 -3.16 3.97 -5.66 -3.02 3.79 -4.17 -2.45 3.46
H5 -6.01 -3.16 3.97 -5.66 -3.02 3.79 -3.28 -2.04 3.02
H6 1.81 -1.02 1.00 1.46 -1.03 0.95 -0.21 -0.97 1.78
Ho - -4.34 -4.89 7.34
C ---4.55 -0.47 0.53
H0(3) 10.80 -0.78 1.27 - -

The Tyy components are obtained using the zero trace condition of the dipolar tensor (TXX + Tyy + T, = 0).
*Experimentally determined isotropic proton couplings are for the phenoxyl radical: HI, 10.2; H2/H6, 1.9; H3/H5, 6.6 G, respectively (Neta and Fessenden,
1974). Same data for the p-methylphenoxyl radical are H2/H6, 1.4; H3/H5, 6.1; and H,9(3), 12.3 G (Dixon and Norman, 1964). For the phenol radical cation,
experimental couplings are H1, 10.7; H2/H6, 0.8; H3/H5, 5.3 G (Dixon and Murphy, 1972), and calculated at the B3LYP/6-31G(d) level, H1, -11.1;
H2/H6, 1.3/0.1; H3/H5, -5.2/-3.9 G (Qin and Wheeler, 1996).
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TABLE 3 Experimental proton hfcc (Gauss) for the ring protons in the tyrosyl radical reported in various proteins, and for the
p-methylphenoxyl radical

H2/H6 H3/H5

System A0x Ayy Azz Axx Ayy Azz

C6H50 (calc.) 0.79 1.83 2.81 -9.17 -6.82 -2.04
p-CH3-C6H50 (calc.) 0.43 1.55 2.41 -8.68 -6.43 -1.87
p-CH3CH2-C6H5O* (calc.) 0.46 1.58 2.43 -8.83 -6.56 -1.98

C6H,OH+ (calc.) -0.86 -0.48 1.74 -5.97 -4.73 -0.49
Spinach Yz, PSII# 0.5 1.8 2.7 -9.5 -6.9 -3.0
Spinach YD. PSII§ 1.7 2.5 -9.1 -6.8 -2.8
E. coli RNRl 1.7 2.7 -9.6 -7.0 -2.8
S. typhim. RNRII -11.5 -7.1 -2.5
p-Methylphenoxyl radical** 0.8 1.7 2.55 9.75 6.5 3.25

For comparison, we also include the calculated values for the phenoxyl radicals, and the phenoxy radical cation (cf. Fig. 1), converted to the AXX'Ayy, Azz
format. For the cation, the H2/H6 and the H3/H5 protons are unequivalent (because of the presence of the oxygen-bonded proton). Hence there we have
taken the average values for each component.
*900 rotational angle.
#Tommos et al., 1995.
§Rigby et al., 1994.
qBender et al., 1989.
'Allard et al., 1996.
**Babcock et al., 1992.

accuracy of the basis sets employed in the two studies,
however, firm conclusions cannot be made from this limited
data set.

Using the full hyperfine tensor (AXX' Ayyl A,,), the com-
puted values for the p-ethylphenoxyl radical (Fig. 1 c) are
(0.5, 1.6, 2.4) G for H2/H6 and (-8.8, -6.6, -2.0) G for
H31H5, in very close agreement with, e.g., the EPR data by
Tommos et al. (1995), recorded for the Yz tyrosyl radical in
PSII: (0.5, 1.8, 2.7) G for H2/H6 and (-9.5, -6.9, -3.0) G
for H3/H5. For the radical cation, the corresponding aver-
aged values are (-0.9, -0.5, 1.7) G for H2/H6 and (-6.0,
-4.7, -0.5) G for H31H5, respectively, in poor agreement
with the data observed for the biological systems.

In a study by Bender et al. (1989), the proportionality
constant in the McConnell equation for hydrogens bonded
to a phenol ring was derived as Aiso(Hn) = Q X p(Cn), Q =

(-)24.9 G. From the present work, using the PWP86/
IGLO-II computed values of A0so(H.) and adjacent total
carbon atom spin density p(C.) on all four systems, we
obtain distinctively different values for the H2/H6 protons
compared to the H3/H5 protons. For the former Q = - 13 +
2 G, and for the latter Q = -22 + 2 G (because of the very
small spin densities on C2/C6 and corresponding proton
couplings for the cation, these particular nuclei display
some irregularities in the pattern). Hence we note that for
H31H5, the empirical estimate by Bender et al. agrees well,
whereas for the two protons furthest away from the oxygen
atom, the Q value is only about half of the empirical value.
There is no obvious explanation for this phenomenon. It
might be related to the numerically small and negative spin
densities on C2 and C6, where the McConnell relation may
not be entirely valid. Another explanation could be made in
terms of an overestimation of the present approach of the
alternating character of the spin density. As the hydrogen
hyperfine couplings are accurately computed, a too large

numerical value of p(C) would render a Q value that is too
small. Further studies are needed to elucidate this aspect.

In a very recent work by Hoganson et al. (1996), 170 data
were recorded for the tyrosyl radical in E. coli RNR. The
Azz component (AXX in our orientation of the coordinate
system) was determined to be -44.9 G. This agrees well
with our values of -48.8 G for the phenoxyl radical, -46.8
G for p-methylphenoxyl, and -47.0 G for p-ethylphenoxyl.
For the radical cation the value is far too small (-30.0 G),
providing further evidence that the tyrosyl radical observed
in these biological systems is, in fact, neutral.

Using experimental EPR data from studies of peroxide
radicals, ROO (Sevilla et al., 1990; Broze et al., 1967) and
the empirical McConnell-Strathdee relations (McConnell
and Strathdee, 1959, and references therein), theAxx andAyy
components and the spin density were then derived by
Hoganson for the tyrosyl oxygen. The estimated values for
the xx and yy components of the hyperfine tensor are quite
low, however (+4.9 G, compared with our calculated values
of + 13 G), as is the experimental oxygen spin density (exp.:
0.29, calc.: 0.37). Based on previous experience (Eriksson et
al., 1994, 1995; Eriksson, 1995; Barone, 1996), the calcu-
lated values for the anisotropic components of the hyperfine
tensor are generally correct to within 10% for systems of
this type, whereas values for the isotropic components com-
puted at this level of theory might deviate by 10-20%.
Hence it seems highly unlikely that the calculations would
generate errors as large as those we see in this case.
To investigate in more detail the source of this discrep-

ancy between theory and experimental estimates, we com-
puted the hfcc for a subset of the peroxide systems on which
the empirical parameterization for the oxygen hf tensor in
the tyrosyl radical was based. The same approach was used
as for the tyrosines in this work (PWP86/DZVP optimiza-
tions followed by PWP86/IGLO-III single-point ESR cal-
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culations). The agreement with experimental data was
found to lie within a few percent for both the peroxide
oxygens, for all systems investigated (Himo and Eriksson,
to be published). We can therefore assume that the theoret-
ical approach used is flexible enough to accurately describe
the different chemical environments found in peroxide and
oxo radicals. The reason for the discrepancy between cal-
culated and estimated values for 170 may instead be found
in the use of empirical parameters determined for a chem-
ically quite different type of atom. The empirical
McConnell rules relating hyperfine couplings to spin den-
sities are, in this case,

Aiso = Q p(°),

AXX = Ayy = (Q-B) * p(O)

and

A,. = (Q + 2B)* p(O).

In the experimental studies of peroxide systems, the values
Q = -40 G/a.u. and B = -57 G/a.u. were determined
(Sevilla et al., 1990; Broze et al., 1967). These values were
then used together with the experimental Azz value to de-
termine p(O) in the tyrosyl radical in E. coli RNR (Hogan-
son et al., 1996). Using the same relations together with our
calculated data for the hyperfine couplings and the total
oxygen spin density instead yields a revised set of param-
eters as Q = -20.5 G and B = -54.6 G. If we then redo
the derivation of the oxygen spin density using these new
parameters together with the experimental Azz value of
-44.7 G (Hoganson et al., 1996), we obtain p(O) = 0.35.
This is in much closer agreement with the computed value
of 0.37 ± 0.01 for our three model systems. From this we
may conclude that the empirical relations between spin
density and hyperfine couplings work well, but that the
empirical parameters (in particular, the isotropic Q value)
must be chosen with great care. The reason for the originally
observed difference between experiment and theory for both
the derived hf tensor components and the spin density on
oxygen is thus most likely related to inappropriate empirical
parameters, rather than to a local cationic character of the
oxygen.

Effects of ethyl group rotation

For the ethyl-substituted system (Fig. 1 c) we may compare
theoretical and experimental hfcc for the ,3-protons, located
on the carbon closest to the benzene ring. The hyperfine
couplings on these hydrogens result from interactions with
the ring-carbon ir-orbitals, which carry most of the unpaired
spin. A maximum interaction (and hence maximum abso-
lute value of the isotropic hfcc) will occur when a hydrogen
lies perpendicular to the ring plane, whereas for a hydrogen
lying in the plane of the ring, the isotropic hfcc will be very
near zero. The values of the hfcc of the two ,B-protons will

hence serve as a very sensitive probe of the relative orien-
tation of the ring plane relative to the plane defined by the
atoms Cl-C3-C,. In the symmetrical orientations (dihedral
angle Oc6-c,-c-c set to 00 or 90°, respectively) that were
used in the optimizations of the p-ethylphenoxyl radical as
described above, the 13-protons are equivalent in both cases.
For the energetically lowest of these (0 = 900, Fig. 1 c), the
isotropic components of the two 18-protons are 4.4 G, and
the anisotropies are very small.
We will in the following use two notations for the dihe-

dral (rotational) angles: either dihedral 01 and 02 for the
13-protons, or rotational 0 for the a-carbon, as illustrated in
Fig. 2. According to this definition the 13-proton dihedral
angles are 300 and 150° for 0 = 00, and ±60° for 0 = 90°,
respectively.
The hyperfine couplings of the 1-protons, and hence the

orientation of the side chain of the tyrosyl radical, have been
determined to high accuracy for a number of different
proteins (Barry et al., 1990; Bender et al., 1989; Hoganson
and Babcock, 1992; Rigby et al., 1994) and are found to
differ, depending on the radical environment. In particular,
it has been concluded that the two protons are placed
asymmetrically with respect to the plane of the ring for all
different tyrosyl radicals observed so far. Hence our sym-
metrical models used in the geometry optimizations (cf. Fig.
1 c) are inappropriate in this respect. Rotating the ethyl
group about the C1-C, bond, and comparing computed and
experimental hfcc of the 13-protons, we may use theory as a
probe of the local geometry of tyrosyl radicals in different
proteins, to complement available crystallographic data.
This may serve to reveal the relative orientation of the
amino acid side chain relative to the protein backbone.
The effect of ethyl group rotation on Aiso(H) has previ-

ously been investigated by O'Malley and MacFarlane
(1992) at the semiempirical AMl/INDO level of theory.
They concluded that the ring protons are essentially unaf-
fected by the rotation, but that the isotropic hfcc of the two
13-protons fluctuate between 1 and 25 G as a result of the
rotation. By comparing hfcc, very close agreement was
found between the calculated rotational angles and those
previously estimated from experiment on four different sys-
tems (Barry et al., 1990). The data available for, in partic-
ular, different RNR tyrosyl radicals, however, have been

c
+

HAj
01 2

R

FIGURE 2 Definitions of the different dihedral angles used in describing
the orientation of the 3-protons (01 and 02) and the a-carbon (0). 0 = 0°
corresponds to placing the a-carbon in the plane of the ring, and when 0 =
900 it is perpendicular to the ring.
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complemented and updated considerably since then (see
below).

In the present work we used the two PWP86/DZVP
optimized conformers corresponding to O and 900 dihedral
angles of the alkyl chain, and then performed single-point
PWP86/IGLO-III calculations rotating in steps of 50, ad-
justing the geometrical parameters linearly between the two
end points (0° and 900) at each step. The only geometrical
parameter optimized in each step is the orientation of the
terminal methyl group hydrogens, to reduce artificial effects
of repulsion between the hydrogens and the atoms in the
ring.

In Figs. 3 and 4 we show the results for the potential
energy for the rotational motion, and for the corresponding
hyperfine coupling constants of the two (3-protons, respec-
tively. In the latter we have used the notation AX,, Ayy, and
Azz rather than the separate isotropic and dipolar compo-
nents, for easy comparison with experimental data. The
barrier to rotation (Fig. 3) is very low, less than 1 kcal/mol,
and the global energy minimum is found at roughly 800
out-of-plane angle of C,,, (angle 0 in Fig. 2). We also note a
local minimum at a dihedral angle 0 of -30°. The some-
what "jagged" structure of the potential energy curve is
related to the limited geometry optimization performed for
each rotational angle indicated. The large variation in the
,3-proton hyperfine parameters for these systems lies en-
tirely in the isotropic hfcc, whereas the anisotropic compo-
nents remain constant at (-0.7, -0.5, 1.2) + 0.2 G for both
protons. It should also be pointed out that the spin densities
and hfcc on the remaining atoms are essentially unaffected
by the ethyl group rotation.
The experimental hfcc for the two 13-protons in the Yz

tyrosyl radical in PSII are (0.6, 0.4, 2.8) G and (10.4, 10.1,
12.6) G, respectively (Tommos et al., 1995). From Fig. 4 we
can see that the best fit to the experimental data is obtained

1.0

0.8

FIGURE 3 Relative energies of the p-ethylphe-
noxyl radical (Fig. 1 c), as function of rotational
(dihedral) angle of the ethyl group. The geometries
were fully optimized at the end points (0 = 0° and
900), after which the structures for the remaining
points were obtained by linearly varying between
these two and reoptimizing the positions of the a-car-
bon protons.

0
E

) 0.6
0)

a)
C:
a)
aD 0.4

cc~

0.2

0.0
0.0

at a rotational angle 0 = 75° ± 5°. This corresponds to
dihedral angles 01 and 02 for the protons in question at 750
and -45°, respectively (cf. Fig. 2). This compares excel-
lently with the dihedral angles derived from ENDOR data
by Rigby et al. (1994) for the dark stable YD tyrosyl radical
in Spinach PSII and in C. reinhardtii (dihedral angles
(72.10, -48.1°) and (72.7°, -47.4°), respectively), using
the Stone-Maki relations. In an ESEEM study by Warncke
et al. (1994), the values (1.85, 1.85, 5.09) G and (7.19, 7.19,
10.43) G were reported for the YD radical in the blue-green
algae Synechosystis 6083. The dihedral angles were in that
work determined to -52° and 680, respectively. From our
Fig. 4, the rotational angle 0 corresponding to these exper-
imental hyperfine parameters is 80° ± 5°, i.e., slightly
larger than in the PSII systems studied by Rigby et al. The
(3-proton dihedrals are then -50° and 700, again in very
close correspondence with the empirically based estimates.
For (thus far) one RNR system, in a normally nonexpressed
RNR in Salmonella typhimurium (protein R2F in a class Ia
RNR; Jordan et al., 1994), similar values for the 13-protons
have been obtained ((10.5, 9.5, 7.4) G for the large cou-
plings and <3 G for the small couplings; Allard et al.,
1996). These couplings would again correspond to a rota-
tional angle of -750. This radical has been classified as an
unusual, "relaxed" form (Allard et al., 1996) similar also to
the isolated tyrosyl radicals in aqueous glass matrices (Ho-
ganson et al., 1996).
The relative orientations of the "relaxed" tyrosyl radicals

found in PSII and in S. typhimurium differ from those
observed in RNR from mouse, herpes simplex, T4 bacte-
riophage, and E. coli bacteria (class Ia RNR). In these it has
been concluded that the (3 couplings instead correspond to
rotational angles of the a-carbon in the 20-40° range. In,
e.g., E. coli, Bender et al. (1989) reported the values (21.6,
19.5, 20.6) G and (1.5, -0.7, -0.8) G, respectively. Similar

20.0 40.0 60.0
Rotation angle [deg]

80.0
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FIGURE 4 Effects of ethyl
group rotation (cf. Figs. 2 and 3) on
the hfcc of the /3-protons in the
p-ethylphenoxyl radical (Fig. 1 c).
See text for experimental data of
different tyrosyl radicals.
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values were found by Hoganson and co-workers (1996),
who also determined the oxygen hfcc and spin density as
discussed above. The large couplings correspond to a rota-
tional angle 0 of 30 ± 50, which is also the local energy
minimum on the rotational potential surface (Fig. 3). For the
couplings of the second methylene proton, Hoganson et al.
discussed whether the isotropic component should be pos-
itive or negative. Based on the work of Bender et al., it was
concluded that the contact interactions should be negative,
leading to the very small couplings listed above. From Fig.
4 we note, however, that this would yield a rotational angle
of -60°-inconsistent with the 0 = 30° rotational angle for
the first methylene proton. From our study of the effects of
rotating the ethyl group, and from the AMI/INDO study by
O'Malley and MacFarlane (1992), we know, furthermore,
that the isotropic hfcc of both ,3-protons remain positive
throughout the rotational motion. Using a positive rather
than a negative value for the contact interaction of the
second methylene proton, the tensor components (3.8, 1.2,
1.4) G were derived (Hoganson et al., 1996). This would
correspond to a rotational angle of 40-45°, much closer to
the value determined for the first proton. Assuming a rota-
tional angle 0 of 350 as an average, the dihedral angles 01
and 02 for these two protons become -5 and +115°,
respectively. In bacteriophage T4-induced RNR, the large
hf coupling components were determined to be 19.6 G and
7.5 G, respectively (Sahlin et al., 1982). It was concluded
that the hfcc should correspond to dihedral angles of about
+10 and + 1300, yielding a rotational angle 0 of -20°-
relatively close to those of the previously discussed RNRs.
We also note that the rotational angle of 10-30° for RNR
tyrosyl radicals differs from the suggested 57-62° reported
by O'Malley and MacFarlane (1992). In light of the present

90.0
Rotation angle [deg]

results and experimental data made available after 1992,
however, a value of 0 of - 20° appears more likely to be
correct.
One tyrosyl radical system for which further studies seem

required is that observed in prostaglandin H synthase
(PGH). Originally this radical was concluded to have one
large hyperfine component of 16 G (Kulmacz et al., 1990),
a value that was later reevaluated to 19 G (Barry et al.,
1990). The main hyperfine coupling of the second 13-proton
was deduced to be - 1 G. As seen from Fig. 4, the data set
16 and 1 G corresponds to a rotational angle of 600, close to
the previous estimates of 650. At 19 G, however, we are in
the 450 region, and appear to be at a local maximum on the
energy surface (Fig. 3). Kulmacz et al. also reported a
relaxed form of the radical, with the couplings 14 and 2 G.
This corresponds to a rotational angle of -70°, closer to the
global minimum of Fig. 3.
From the above comparison, it seems clear that the

present calculated values are of such accuracy that they can
be used to determine very precisely the relative orientation
between the phenyl ring and the alkyl chain. The preferred
orientation of the tyrosyl radicals appears to fall into two
classes, corresponding to values of 0 of -75° or .30°.
From our calculations, these values of the rotational angle
also coincide with (local) minima on the rotational energy
curve.

Also for 3-protons, an empirical relation is frequently
used to relate spin densitites to isotropic hfcc,

Ajs0(H,n) = Bop + Blp Cos20,n

where On is one of the 13-hydrogen out-of-plane dihedral
angles as defined in Fig. 2. Inserting our computed data of

Himo et al. 1 563



Volume 72 April 1997

hfcc and spin densities for different rotational angles, we
obtain the values Bo = 1.5 G and B1 = 52.4 G at the
PWP86/IGLO-III level. This agrees closely with the esti-
mated values =0 and 58 G for Bo and BI, respectively, as
derived by Bender et al. (1989).

Modeling hydrogen bonding

As noted above, hydrogen bonding is known to be present
in, e.g., the Spinach PSII YD radical, but not in E. coli RNR
(Hoganson et al., 1996). The presence of a hydrogen bond
to the tyrosyl oxygen is believed to cause a reduction in
oxygen spin density of -10% (Hoganson et al., 1996). To
see if we could model this effect theoretically, i.e., if hy-
drogen bonding really would result in such significant
changes, a model was devised in which a nearby H-bonding
group was modeled either as formic acid (HCOOH) or as
water. These two compounds were first optimized at the
PWP86/IGLO-III level, and then placed such that the oxy-
gen in the water/formic acid (0') was positioned according
to data from a g-factor analysis by Un et al. (1995). From a
comparison with crystallographic data for tyrosine hydro-
chloride (Fasanella and Gordy, 1969), the 0Tyr,0' distance
was determined to be 2.6 A. Following the work by Un et
al., we then used the parameters 1500 for the C4-OTyr-O'
bond angle and 400 for the O'-OTyr-C4-C5 dihedral angle.
We kept the ethyl group at the 800 dihedral angle through-
out, as described in the previous section. The two model
systems are shown in Fig. 5. Initial studies showed that
these two hydrogen bonding models generated potential
energy surfaces and spin density distributions that were
almost identical.
The effects on the spin density distribution due to the

hydrogen bond are displayed in Table 4, where we list the

.). --------..,- ----t---g

FIGURE 5 Models of hydrogen bonding to the tyrosyl radical. The
H-bonding group is modeled by a water molecule (a) and by formic acid
(b). The oxygen-oxygen distance is 2.6 A, the C4 -O0 bond angle 1500,
and the C5-C4-O- dihedral angle 400. The ethyl group is kept at the
dihedral angle of 800, corresponding to the energy minimum for ethyl
group rotation.

TABLE 4 Spin densities of the p-ethylphenoxyl radical with
the dihedral angle 0 fixed at 800

Calculated Experimental

Atom I II RNR PSII

Co3 -0.04 -0.03 0.03 0.01
C1 0.39 0.39 0.38 0.37
C2/C6 -0.12 -0.11 -0.08 -0.07
C3/C5 0.27 0.25 0.25 0.24
C4 -0.03 0.02 -0.05 0.01
O 0.37 0.32 0.29 0.26

Results are shown for the system without H bonding (I) and when H
bonding is modeled with formic acid (I). Experimental data for E. coli
RNR (no H bond) and spinach YD (H bond assumed present) (Hoganson et
al., 1996) are also included. Note that the experimental values of the
oxygen spin densities are based on empirical parameters derived from
peroxide studies.

spin densities for the ethyl-substituted systems with and
without H bonding (formic acid). We also include the ex-
perimental data for the corresponding compounds in which
H bonding is absent (E. coli RNR) or present (spinach PSII).
The experimental changes in spin density caused by the
hydrogen bond on 0 and on C4 are -0.03 and +0.06,
respectively. From the present calculations we get the
change -0.05/-0.06 (water/formic acid) on the oxygen,
and +0.03/+0.05 on C4, in very close agreement with the
experimental observations. For the other atoms, the shifts in
spin densities are hardly significant. We conclude that the
change in spin density caused by hydrogen bonding is well
reproduced with the present approach.

Finally, if we consider the calculated hyperfine coupling
constants for the protons and the tyrosyl oxygen of these
systems (no H bond, H bond to water, H bond to formic
acid), we note that the hfcc are very similar for all three
systems, although some small changes can be observed,
even for the 18-protons. Small differences in hfcc for the
"equivalent" ring protons H2 and H6, and H3 and H5, as
reported by O'Malley and co-workers (Rigby et al., 1994)
for the YD radical in PSII, are already observed when a
rotational angle for the a-carbon of 80° is used, without the
presence of the H bond. A minor difference in the asym-
metry is observed between the non-H-bonded and H-bonded
models for these protons, with a better agreement for the
H2/H6 pair in the H-bonded case, and for the H3/H5 pair for
the system with no H bond. The YD radical is believed to be
H-bonded. The main feature in the computed hfcc for the
H-bonded system is, however, a 2-4 G reduction (absolute
numbers) in anisotropic couplings on 17OTyr, and the pres-
ence of anisotropic couplings by the same amount on the
proton involved in the H-bonding. The isotropic coupling of
the H-bonding proton is rather small: -0.8 G for the water
system and -0.3 G for the formic acid model. We stress,
however, that the present study of H bonding is a model,
and that the exact position of the H-bonding moiety has not
been fully geometry-optimized in the present work.
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CONCLUSIONS

We have in the present work, as a first study in a series of
amino acid radicals, applied gradient-corrected DFT
(PWP86) to calculate geometrical structures, spin density
distributions, and hyperfine properties of a set of model
tyrosyl radicals. The tyrosyl radical systems are among the
most studied experimentally, and we can hence use the
available data as a "calibration" for the suggested theoreti-
cal approach. Initially four models of tyrosyl radicals were
tested, three neutral and one positively charged. We could
confirm that the spin density distributions and proton hy-
perfine couplings of the neutral phenoxyl radicals were in
much closer overall agreement with experimental data than
the corresponding data for the radical cation. We also
showed that the effects of alkyl substitution to the ring (i.e.,
modeling the link between the phenoxyl group and the
protein backbone) on the distribution of the unpaired elec-
tron were very minor. Based on data for '70-labeled ty-
rosine radicals in E. coli RNR (Hoganson et al., 1996), we
suggest a revision of the empirical parameters used to
deduce the total hyperfine tensor and the experimental ox-
ygen spin density. The agreement between theory and ex-
periment, once the revised parameters are employed, is most
satisfactory. For the ring protons it is concluded that differ-
ent empirical parameters should be employed for the pro-
tons closer to the oxygen (Q(H3/H5) -22 G) compared
to those further away (Q(H2/H6) - -12 G), contrary to
previous estimates. Whether this discrepancy is related to
problems with the McConnell relation or with the computed
spin densities of the present work is not entirely resolved.
As a second step, we rotated the ethyl group in the

p-ethylphenoxyl radical, to investigate the effects of the
local geometry on the hyperfine couplings of the two ,3-pro-
tons. A local minimum was observed at a -30° out-of-plane
angle, whereas the global minimum of the rotational poten-
tial curve was found at a -80° rotational angle. The poten-
tial energy surface in the area between 550 and 90° rota-
tional angles was furthermore found to be very shallow
(within 0.1 kcal/mol), and it is probable that the phenoxyl
ring will undergo vibrational motion, leading to some av-
eraging of the hyperfine parameters, unless stabilized
through long-range H bonding or by "steric hindrance"
caused by the presence of other amino acid side chains. The
hfcc computed for the 13-protons at a rotational angle 0 of
750 + 50 (i.e., very close to the minimum on the potential
energy curve) are found to agree excellently with observed
experimental data for the "relaxed" tyrosyl radicals found in
S. typhimurium RNR and in PSII. This value for the rota-
tional angle agrees very well with previous data based on
the empirical model by Stone and Maki (Rigby et al., 1994;
Tommos et al., 1995), and with previous studies at the
semiempirical AMl/INDO level (O'Malley and MacFar-
lane, 1992). For tyrosyl radicals found in other RNR sys-
tems (mouse, herpes simplex virus, E. coli, T4 bacterio-
phage) (Hoganson et al., 1996; Sahlin et al., 1982), the
observed hfcc correspond to a rotational angle of 20-40°,

indicating that this particular set of radicals is located close
to the local minimum on the rotational potential surface.
The corresponding dihedral angles for the two (3-protons
perfectly match those estimated in the experimental papers.
The empirical parameters employed to estimate carbon spin
densities from ,3-proton hfcc are tested and found to be in
good agreement with the computed ones (BO: calc. 1.4 G,
est. 0; B1: calc. 52.4 G, est. 58 G).
We finally investigated the effects on the spin density

distributions caused by hydrogen bonding. Based on the
geometric parameters for the location of the H-bonding
group, determined by Un et al. (1995), two models were
constructed in which we placed the H-bonding moiety (wa-
ter or formic acid) at a 400 out-of-plane angle. The oxygens
involved in the H bond were positioned 2.6 A apart, and
with a C40Tyr-O bond angle equal to 1500. The two model
systems were found to generate almost identical results-a
reduction in spin density on the tyrosyl oxygen by 0.05-
0.06 and an increase on C4 by 0.03-0.05. This should be
compared with the differences observed for different pro-
teins believed to lack/have H bonding to the tyrosyl radical
oxygen: -0.03 for 0 and +0.05 for C4 (Hoganson et al.,
1996).
To summarize, the present approach (PWP86/DZVP op-

timizations followed by PWP86/IGLO-III single-point cal-
culations for energetics and hyperfine properties) appears to
be highly accurate in describing the intricate details ob-
served for the tyrosyl radicals in, e.g., photosystem II and
ribonucleotide reductases. Aspects such as the nature of the
radical (neutral/charged), conformational effects on hyper-
fine properties of the (3-protons, and subtle hydrogen bond-
ing interactions are found to be well reproduced.
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