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Abstract

The oxidation of the amino acid tyrosine to the tyrosyl radical is now known to be important in many electron transfer reactions in
biology. Electron Paramagnetic Resonance (EPR) and Electron Nuclear Double Resonance (ENDOR) have previously been used to obtain
proton hyperfine couplings for the radical in vivo. This study uses AMI molecular orbital calculations to provide a detailed insight into
the geometry and electronic makeup of this important radical. Molecular orbital studies are first used to obtain an optimised geometry for
the tyrosyl radical. This is shown to differ significantly from the unoxidised form. The extent of the singly occupied molecular orbital is
then examined and a theoretical estimate of the unpaired electron spin distribution is obtained. This is then used to calculate the
anisoptopic hyperfine coupling components for comparison with experimental determinations.
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1. Introduction

Electron transfer agents in biology are generally thought
to be associated with metal centres or cofactors such as
quinones or flavins. Only very recently has the important
role played by oxidisable amino acid residues been appre-
ciated [1]. This role is apparently played by the amino
acids tyrosine, tryptophan and possibly histidine.

Tyrosine has now been shown to be involved in elec-
tron transfer events in Photosystem II [2], ribonucleotide
reductase [3], prostaglandin synthase [4], galactose oxidase
[5] and amine oxidase [6]. Electron paramagnetic reso-
nance (EPR) has been widely used to study the radical
species involved. Proton hyperfine interactions with the
distribution of the unpaired electron spin density gives rise

Abbreviations: EPR, Electron Paramagnetic Resonance; ENDOR,
Electron Nuclear Double Resonance; HOMO, Highest Occupied Molecu-
lar Orbital; SOMO, Singly Occupied Molecular Orbital; AM1, Austin
Method 1; INDO, Intermediate Neglect of Differential Overlap.
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to a broadened EPR spectrum whose spectral features can
vary considerably depending on the species studied. The
EPR spectrum is dominated by the larger electron-nuclear
hyperfine interactions and it is the variation in these from
species to species that results in the differing EPR spectral
characteristics [1].

ENDOR spectroscopy can be used to obtain directly the
individual hyperfine coupling values. The utility of EN-
DOR is most easily appreciated in liquid state studies
where resonances due to hyperfine interactions occur at the
isotropic coupling values. In the absence of single crystal
data, most biological studies have to utilise powder EN-
DOR spectroscopy where contributions from all possible
orientations result in a considerable broadening of spectral
lines. The demonstration that a build up of intensity occurs
at the principal hyperfine tensor values for the electron
nuclear hyperfine interaction [7] suggested the feasibility
of recovering this information from the powder ENDOR
spectrum. In the absence of specific deuteration studies the
assignment of spectral resonances is difficult and any
assignments need to be supported by theoretical predic-
tions from molecular orbital studies. The ENDOR spec-
trum of the stable tyrosyl radical in Photosystem II has
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Fig. 1. N-Acetyltyrosylmethylamide radical plus numbering scheme used
for the molecular orbital calculations.

been recently obtained by us [13] and assignments of the
spectral lines has been made by a combination of (1)
comparison with other similar radicals, (2) difference spec-
tra, (3) orientation selection, and (4) EPR spectral simula-
tion.

In previous studies on the tyrosyl radical we have
calculated the isotropic coupling constants using a combi-
nation of AM1 and INDO [8]. Here we use the AMI
method to study the geometry of the radical and combine
this with the unpaired spin density distribution to calculate
the anisotropic couplings. Many studies have been carried
out on the geometry of the related phenoxyl radical [9.10].
This area is well summarised in a recent publication [10].
Despite the complete failure of many high level Hartree-
Fock level calculations to predict the geometry of this
radical, there is excelient agreement between the AMI
predicted geometry and the best CAS-SCF/6-311G(2d,p)
result [10]. For this reason and due to the size of the
molecule considered here we have chosen the AM1 method
to provide us with a geometry and spin density distribution
for the tyrosyl radical.

The AM1 molecular orbital studies are used to obtain
an optimised geometry and first order spin density distribu-
tion for the tyrosyl radical. From this geometry and spin
density distribution the theoretical anisotropic hyperfine
couplings are calculated and compared with the experi-
mental ENDOR data. In this way the geometry of the
tyrosyl radical is obtained and a firm theoretical basis for
the assignment of the experimentally observed resonances
to electron nuclear hyperfine interactions is developed.

2. Methods

The unit tyrosine derivative used for the molecular
orbital calculations is shown in Fig. 1. The numbering
system used is also given. The molecular orbital calcula-
tions were performed with the AM1 [12] method using the
MOPAC programme running on a Silcon Graphics work-
station.

3. Results and discussion

In previous studies it has been assumed that the geome-
try of the tyrosyl radical is identical to the unoxidised
amino acid [11]. Radical generation with associated depro-
tonation can be expected to alter the geometry of the
molecule and therefore we have used molecular orbital
calculations to optimise the geometry of the tyrosyl radi-
cal. The calculations were performed at the semiempirical
AM1 level of theory [12] and the procedure used is
described in the methods section. To test the accuracy of
the calculated geometry we have also performed a geome-
try optimisation of the unoxidised tyrosine at the same
level of theory. This result can then be compared with that
obtained from neutron diffraction data for tyrosine [14].
Fig. 2 compares the calculated and experimental geome-
tries in terms of both bond lengths and bond angles. The
agreement between the theoretical and experimental values
is excellent showing the good predictability of this level of
theory. The calculated bond lengths and bond angles for
the tyrosyl radical are shown in Fig. 3. Significant differ-
ences between the radical geometry and the unoxidised
tyrosine are noted. Bonds C2-C3, C5-C6 and C4-O be-
come shorter, while C1-C2, C3-C4, C4-C5 and C6-Cl
become longer. Small changes in the bond angles also
accompany these bond length changes. These results indi-
cate that the original aromatic ring system adopts a
quinoid-like structure on radical formation, with bonds
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Fig. 2. (a) Geometry obtained from neutron diffraction studies of tyrosine
according to Ref. [14]. (b) Geometry obtained after geometry optimisation
at the AM1 level.
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Fig. 3. Geometry of the tyrosyl radical after geometry optimisation at the
ROHF AMI level.

C2-C3 and C5-C6 being shorter than the other carbon-
carbon bonds in the ring system and the carbon-oxygen
bond also contracting in length. On closer examination of
the bond lengths it is observed that the C1-C2 and C6-Cl
bonds are shorter than the C3-C4 and C4-CS bonds. This
suggests more delocalisation in the lower part of the ring
compared with the upper part. One explanation for these
geometrical features can be found by examining the classi-
cal resonance structures for the tyrosyl radical, Fig. 4. In
these resonance forms there is the greatest amount of
double bond character for C4-O, C2-C3 and C5-C6 and the
least for C3-C4 and C4-C5.

The geometrical changes on oxidation also reflect the
variation in the extent of the highest occupied molecular
orbital for both unoxidised and oxidised species. A sketch
of the HOMO for the unoxidised form is compared with
the singly occupied molecular orbital (SOMO) for the
oxidised form in Fig. 5. The lengthening of the C1-C2,
C6-C1, C3-C4 and C4-CS5 bonds on oxidation can be
qualitatively explained by the decreased electron density
between these bonds in the oxidised form. The form of the
SOMO for the radical species also gives us a qualitative
picture of the distribution of the unpaired electron around
the radical. Unpaired electron spin density is expected to
predominate at carbon positions C1, C3, C5 and at the
oxygen atom. The unpaired electron spin density values at
each position around the ring system are given in Fig. 6a.
It is now possible to compare this spin density distribution
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with that estimated from experimental EPR and ENDOR
measurements [13].

From experimental ENDOR studies, the unpaired elec-
tron spin density distribution shown in Fig. 6b has been
obtained. Good agreement is indicated for most positions
except ring carbons C2 and C6. The experimental data
indicate, however, significant hyperfine coupling between
the spin density at C2, C6 and the attached protons. The
appearance of unpaired spin at what is predicted from
theory to be a nodal position is due to a slight unpairing of
the electron density of the formally paired electrons by the
presence of an unpaired electron in the singly occupied
orbital [15]. Restricted Hartree Fock theory does not allow
for this and hence predicts zero spin density for carbon
atoms C2 and C6. Unrestricted Hartree Fock theory can
allow for this effect, but attempts to perform calculations
at this level led to a high degree of spin contamination
from states other than the pure doublet. A direct measure
of this spin density value can be obtained from the liquid
solution EPR studies of the tyrosyl radical [16,17]. A value
of 4.3 MHz is observed. This corresponds to a C(2,6)r
orbital spin density of —0.06 (McConnell Q value of
—69.6 MHz [13]). Adopting this value of —0.06 for the
C2 and C6 positions and raising the spin density value on
the neighbouring carbon atoms by 0.03, we arrive with the
spin density distribution of Fig. 6c. This spin density
distribution is in good agreement with the distribution
proposed by Rigby et al. [13] for the Photosystem II
radical. A test of the accuracy of this spin density distribu-
tion can be obtained by calculating the anisotropic compo-
nents for the interactions and comparing with experimental
determinations.

A detailed ENDOR study of the stable tyrosy! radical in
Photosystem II has recently been carried out in our labora-
tories [13]. The principal values of the hyperfine tensors
have been obtained and can be used for comparison with
our theoretical values. Using the method originally devel-
oped by McConnell and Strathdee [18], it is possible to
calculate the principal values for the anisotropic coupling
tensors given the 7 spin density distribution and the
geometry of the radical. A previous study on the tyrosyl
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Fig. 4. Classical resonance structures for the tyrosyl radical.
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radical in ribonucleotide reductase [11] used the Mc-
Connell and Strathdee method in its original formalism
and utilised the unoxidised geometry. However, the method
has been substantially improved by Falle et al. [19,20]. The
principal change is the inclusion of a term for the calcula-
tion of the effective nuclear charge (E,) having the form:

E, = 12969 + 0.24182 p2

thereby making it dependent on the atomic spin density
value( p,,).

The spin density distribution used was that given in Fig.
6¢ and the geometry used was that given in Fig. 3. The
detailed procedure used in the calculation of the tensors
has been described [21]. For the ring protons the following
principal values are calculated (MHz):

H6 A48  A77 A0
(4.4) (7.2) (-)
H2  A49  A77  A00

@8 (74 (-)

H3 A,-264 A, —-83 A _—196
(-256) (—-80) (—19.1)
H5 A,-274 A, -86 A, —203
(-275) (-8.0) (-205)

In brackets are given the values deduced from ENDOR
spectroscopy by Rigby et al. [13] for the dark stable tyrosyl
radical of photosystem II. Good agreement is also found
with the experimental values determined for the ribonu-
cleotide reductase radical [11]. The calculated values de-
scribed here confirm these previous assignments and indi-
cate impressive agreement between calculated and experi-
mental data.

The anisotropic couplings for the 8 methylene protons
have been calculated, using the geometry and spin density
distribution described above, according to the method pro-
posed by Derbyshire [22]. Using the isotropic coupling

TYROSYL
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Fig. 5. (a) Highest occupied molecular orbital(HOMO) for tyrosine. (b) Singly occupied molecular orbital(SOMO) for the tyrosyl radical.

value of the Photosystem II radical [13], the values calcu-
lated for the large coupling B proton (experimental values
for Photosystem II in brackets) are (MHz):
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Fig. 6. (2) ROHF AMI calculated spin density distribution for the tyrosyl
radical. (b) Experimentally determined spin density distribution from
reference [13] (c) Proposed spin density distribution for the tyrosyl
radical.
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For the smaller coupling proton the values are (MHz):
A 122 A 23 A4S
(9.8) (4.6) (4.6)

While the agreement between experiment and theory is
not as good as that observed for the ring proton couplings,
the calculated values lend support to the experimental
assignments.

4. Conclusions

This study has used the AM1 molecular orbital method
to describe in detail the geometry of the tyrosyl radical, its
wavefunction and the distribution of unpaired electron spin
density in the radical. The molecular orbital calculations
indicate that significant geometrical changes accompany
oxidation of tyrosine to form the tyrosyl radical. The
radical geometry and its ensuing unpaired spin density
distribution is used to calculate the anisotropic hyperfine
tensor principal values for the proton electron hyperfine
interactions. These data support the previous assignments
of Rigby et al. [13] and provide a consistent picture of the
spin density distribution of this important radical.
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