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ABSTRACT: A 245 GHz 8.7 T high-field EPR study of tyrosine-D (TyrD°) and tyrosine-Z (TyrZ°) radicals
of photosystem II (PSII) fromSynechocystisPCC 6803 was carried out. Identical principalg values for
the wild-typeSynechocystisand spinach TyrD° showed that the two radicals were in similiar electrostatic
environments. By contrast, the principalg values of the TyrD° in the D2-His189Gln mutant of
Synechocystiswere different from those of the wild-type and spinach radicals and were similar to those
of the tyrosyl radical in ribonucleotide reductase. These comparisons indicate that the D2-His189Gln
mutant TyrD° is not hydrogen-bonded or is only weakly so. The HF-EPR spectrum of TyrZ° was obtained
from the D2-Tyr160Phe mutant that lacks TyrD°. The principalg values were nearly identical to those
of the wild-type TyrD°. The low-field edge of the TyrZ° spectrum was much broader than at the other
two principalg values and was also much broader than the TyrD° spectrum. From the identicalg values
and previous work on tyrosyl radicalg values [Un S., Atta M., Fontecave, M., & Rutherford, A. W.
(1995)J. Am. Chem. Soc. 117, 10713-10719], it was concluded that TyrZ° , like TyrD°, is hydrogen-
bonded. The broadness of thegx component was interpreted as a distribution in strength of the hydrogen-
bonding due to disorder in the protein environment about TyrZ°.

Two unique tyrosine radicals are found in photosystem II
(PSII),1 known as tyrosine-D (TyrD°) and tyrosine-Z (TyrZ°).
On the basis of the analogy to the known structure of the
bacterial reaction center (Deisenhofer et al., 1985) and
similarities in the primary structures of the bacteria reaction
center and photosystem II subunits, these tyrosyl radicals
are thought to occupy symmetry related positions within PSII
(Michel & Deisenhofer, 1988; Vermaas et al., 1988; Debus
et al., 1988a,b; Metz et al., 1989; Svenson et al., 1990, 1991;
Ruffle et al., 1992). Recent distance measurements using
saturation-recovery EPR (Koulougliotis et al., 1995) show
that TyrZ° and TyrD° are equidistant from the non-heme
iron providing support for symmetric placement of these
radicals in PSII. Paradoxically, this symmetry does not
extend to their chemical state and function. TyrD° is a stable
radical [for example, see Babcock et al. 1989)] and does
not play a known role in the normal electron transfer reaction.
By contrast, the TyrZ° is short lived and is an active electron
transport component. Among other factors, the radical
lifetime depends on the state of the manganese cluster within
PSII (Babcock et al., 1976; Dekker, 1984). The differences
in hydrogen-bonding state of the tyrosyl radicals have been
suggested to be an important discriminating factor (Tommos
et al., 1995). Recently, cw and pulsed EPR together with
ENDOR have been used extensively to probe possible

differences in the radical themselves as well as their local
environments [for example, see Tommos et al. (1995) and
Tang et al. 1996)].

A relatively new alternative to conventional 9 GHz EPR
is high-field EPR (HF-EPR).1 This new technique is
conceptually identical to the conventional one except that it
utilizes magnetic fields large enough to resolve radicals by
their g values. Equally important, at high fields, the
anisotropy in theg values can be measured. In the present
work, we report HF-EPR results obtained using a magnetic
field of 8.7 T and a microwave frequency of 245 GHz. It
has been shown previously (Un et al., 1995) and will be
further demonstrated in this paper that theg values of tyrosyl
radicals carry detailed information regarding their chemical
environments. The factors which influenceg values of
tyrosyl radicals have been identified using quantum mechan-
ical arguments and semiempirical molecular orbital calcula-
tions (Un et al., 1995). Qualitatively, the results may be
summarized as follows: (a) thegz component (ring perpen-
dicular direction) is smaller than the free electrong values
(Stone, 1963; Angstl, 1989) but is approximately constant
for all tyrosyl radicals with a value of approximately 2.00212
(Figure 1); (b) thegx component (the C-O direction) is very
sensitive to the electrostatic stabilization of the nonbonding
oxygen electrons by the protein with values extending from
2.0064 for strongly hydrogen-bonded or electrostatically
stabilized situations to 2.0090 for neutral environments; (c)
thegy component is relatively insensitive to environmental
effects and has an approximate value of 2.0045. Specifically,
it was concluded that thegx component of the ribonucleotide
reductase (RNR) tyrosyl radical spectrum was determined
by electrostatic interactions between the tyrosyl radical and
the nearby positively charged binuclear iron site and the
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negatively charged ligands of the irons. The net effect was
a weak electrostatic stabilization of the nonbonding oxygen
electrons leading to agx value of 2.0087. By contrast, for
TyrD° in spinach photosystem II, thegx value of 2.0075 was
concluded to arise from the stabilization of the oxygen
nonbonding electrons by a modest strength hydrogen bond.
The presence of a hydrogen bond is consistent with 9 GHz
ENDOR and ESEEM observations [Rodriguez et al. (1987)
and Evelo et al. (1989), respectively]. This electrostatic
model also correctly accounted for theg values of thein
Vitro tyrosyl radical (Fasanella & Gordy, 1969). Thisin Vitro
radical is more strongly hydrogen-bonded than TyrD° with
agx value of 2.0064. As the electrostatic interaction between
a donor and an acceptor plays a major role in hydrogen-
bonding (Schuster, 1976; Pimentel & McClellan, 1960), the
effect of a hydrogen bond on thegx values of tyrosyl radicals
is indistinguishable from any other electrostatic interactions.
However, no positively charged amino acid side chain (i.e.,
lysine, arginine, histidine) can provide electrostatic stabiliza-
tion and not be a potential hydrogen-bond donor. Therefore,
if no positively charged non-amino acid groups are present,
low gx values, as that observed for TyrD°, indicate the
proximity of one or more hydrogen-bond donor(s).
In this communication, we report results from our HF-

EPR study of two mutants of PSII fromSynechocystis
PC6803, one (D2-His189Gln) in which the local environment
about TyrD° has been modified and another (D2-Tyr160Phe)
that lack TyrD°, but where the TyrZ° radical has been
trapped. Histidine-189 of the D2 polypeptide of PSII has
been identified as the hydrogen-bond donor to TyrD° (Tang
et al., 1993). Hence, the D2-His189Gln mutant provides a
convienent way to study the effects of hydrogen-bonding
on TyrD° and on itsg values. Using the theory that we
have developed for tyrosyl radicalg values, we draw some
conclusions about the importance of the hydrogen-bonding
and local electronic environment on the observed differences
between TyrZ° and TyrD°.

MATERIALS AND METHODS

Mutants D2-Tyr160Phe and D2-His189Gln were con-
structed in the psbDI gene of the “olive” strainSynechocystis
6803 as previously described (Tang et al., 1993 and 1996,
respectively). The presence and integrity of the mutated gene
was verified by Southern hydrization and by direct sequenc-
ing of PCR amplified DNA in the region of the mutations.
Non-oxygen-evolving, manganese-depleted PSII core com-

plexes were isolated from the mutant and wild-type strains
of Synechocystisas previously described (Tang et al., 1996).
The samples were suspended in 50 mM MES-NaOH, pH
6.0, containing 20 mM CaCl2, 5 mM MgCl2, 25% (w/v)
glycerol, and 0.004% dodecyl maltoside, concentrated to∼2
mg of chlorophyll/mL in Centricon 100s (Amicon). Potas-
sium ferricyanide was added to a final concentration of 0.3
mM. The samples were then loaded into EPR tubes.
For measurements of TyrD°, the samples were illuminated

at 0 °C for 15-20 s using a tungsten light source (Model
I-150, Cuda Products, Inc.) and then dark adapted on ice
for 10 min prior to freezing and storage in liquid nitrogen.
For measurements of TyrZ°, the samples were prepared as
described previously (Tang et al., 1996).
The HF-EPR spectrometer has been previously described

(Muller et al., 1989). The HF-EPR samples were frozen

inside standard 3 mm quartz EPR tubes and placed into the
magnet. The absolute uncertainty ing value measurements
was estimated to be(2× 10-4. The large uncertainty results
from systematic errors due to magnet-field calibration and
control. For a given sample, the spectra were reproducible
to within (2 × 10-5 in terms ofg values. Conventional 9
GHz EPR spectra of all the samples were obtained before
and after the HF-EPR experiments using exactly the same
sample and EPR tubes. No difference in the 9 GHz spectra
was observed. All HF-EPR spectra were taken between 3
and 5 K with 10 G and 10 kHz modulation under nonsat-
urating conditions. The 9 GHz spectra were obtained at 10
K with 1.2 G and 100 kHz modulation under nonsaturating
conditions.
The theoreticalg value calculations discussed below are

presented in detail in a separate work (Un et al., 1995).

RESULTS AND DISCUSSION

Wild-type TyrD°. Figure 1 shows the 245 GHz HF-EPR
spectrum of the tyrosyl radicals from RNR, spinach Photo-
system II, wild-type (WT), and two mutants ofSynechocystis.
Figure 2 shows the corresponding 9 GHz EPR spectra of
the WT and the three mutants. The ribonucleotide reductase
(RNR) and spinach photosystem II 245 GHz spectra have
been discussed in detail in a previous report (Un et al., 1995)
and are summarized above. Theg values are given in Table
1. As expected, the principalg values of wild-type TyrD°
(WT-TyrD°, Figure 1D) are identical to those of TyrD° in
spinach (Figure 1E). From this, we conclude that TyrD° in
the WT Synechocystisexists in the same electrostatic
environment as in spinach. Specifically, the extent of
hydrogen-bonding to the radical is the same in both. As in
the case of spinach TyrD°, the overall shape of the WT-
TyrD° spectrum is distorted and is similar to that found for
spinach TyrD° in absence of the manganese cluster (Un et
al., 1994). The PSII complexes discussed here also lack
intact manganese clusters; hence, the distortion likely arises
from anisotropic dipolar relaxation effects from the non-heme
iron (Un et al., 1994) and possibly other nonspecific
paramagnetic metals in the sample. The apparent line widths
of the WT and spinach spectra at the principleg values (i.e.,
at the field positions corresponding togx, gy, and gz) are
similiar. Since the line widths of the HF-EPR spectra are
dominated by unresolved proton-hyperfine couplings, these
couplings must be similar in both radicals. This is consistent
with the 9 GHz EPR measurements which show that the
hyperfine couplings are nearly identical for WT-TyrD° and
spinach TyrD° (Tommos et al., 1993). For the RNR and
spinach cases, the largest hyperfine coupling is due to the
electron spin interaction with one of theâ-methylene protons
(i.e., protons adjacent to the phenyl ring). Theseâ-methylene
proton hyperfine couplings are also the most variable from
one tyrosyl radical to another. This is because the magni-
tudes of the couplings depend on the relative orientation of
the Câ-H bonds to the phenyl ring plane. The isotropic
component of theâ-methylene proton coupling is given by

whereθ is the angle between the Câ-H and phenyl-ring plane
normal (Heller & McConnell, 1960; Warncke et al., 1994).
In the case of RNR, the dihedral angle is nearly 0° (Nordlund

Aiso≈ 21G cos2θ (1)
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& Eklund, 1993) and the isotropic component of the coupling
is about 20 G (Bender et al., 1989). For the spinach and
WT cases, the angle is approximately 50° and the isotropic
coupling approximately 8 G (Hoganson & Babcock, 1988;
Rigby et al., 1994; Warncke et al., 1994; Tommos et al.,
1994). Simulations (not shown) show that the larger line
widths observed in the HF-EPR spectra of the RNR tyrosyl
radical in comparison to TyrD° can be accounted for by this
larger hyperfine coupling.

D2-His189Gln Mutant. The principalg values of the
TyrD° in the His189Gln mutant (Figure 1B) are similar to
those of the RNR Tyr° spectrum (Table 1). From this we
conclude that the glutamine residue either does not hydrogen-
bond TyrD° or only does so extremely weakly. Thegx value
of TyrD° in the D2-His189Gln was slightly smaller than that
of the radical in RNR and may indicate a very weak
hydrogen bond by the side-chain amide N-H. This observa-
tion is consistent with conventional 9 GHz ENDOR results
which show the loss of the 3.1 MHz proton signal identified
with the hydrogen bond (Tang et al., 1993). At a given
distance and orientation, the side chain of histidine is a
stronger hydrogen-bond donor than that of a glutamine
(Coulson, 1959). The line widths of the D2-His189Gln
tyrosyl radical were slightly larger than those of the wild-
type but significantly smaller than that of the radical in
RNR. The simplest explanation is that the phenyl ring
plane has rotated relative to theâ-methylene protons and
that the hyperfine coupling is larger. However, this in-
crease in the hyperfine coupling is not apparent in the 9
GHz spectra shown in Figure 2A due to an overlapping
signal from a second radical (see below). Nevertheless,
the change in hyperfine coupling is also likely to be ob-

FIGURE 1: 245 GHz 8.7 T spectra of tyrosyl radicals: (A) Tyr122
in ribonucleotide reductase fromE. coli. (B) TyrD° in the
D2-His189Gln mutant. (C) TyrZ° in the D2-Tyr160Phe mutant and
(D) TyrD° in wild-type Synechocystis. (E) TyrD° in spinach
photosystem II. The calculated spectrum of TyrZ° based on the
measured hyperfine coupling for TyrD° (Tommos, 1994) with a
isotropic H(Câ) hyperfine coupling of 12 G and a Gaussian
distribution in gx of 0.0007 (see text for details) is shown
sumperimposed on spectrum C (dotted lines). All spectra were
obtained between 3.7 and 4.2 K with a modulation amplitude of
10 G and modulation frequency of 250 Hz for A and E and 10
kHz for B, C, and D. All spectra were obtained under nonsaturating
conditions.

FIGURE 2: 9 GHz spectra of tyrosyl radical in isolated core
complexes fromSynechocystis.(A) TyrD° from the D2-His189Gln
mutant. (B) TyrZ° from the D2-Tyr160Phe mutant. (C) TyrD° from
wild-type. All spectra were obtained 10 K with a modulation
amplitude of 1.2 G and frequency of 100 kHz. All spectra were
obtained under nonsaturating conditions.

Table 1: Theg Values of Tyrosyl Radicals from Ribonucleotide
Reductase and Photosystem II

radical gx gy gz gavea

RNR-Tyr° 2.00868 2.00430 2.00203 2.00500
D2-His189gln-TyrD° 2.00832 2.00430 2.00220 2.00494
D2-Tyr190Phe-TyrZ° 2.00750 2.00422 2.00225 2.00466
WT-TyrD° 2.00740 2.00425 2.00205 2.00466
spinach-TyrD° 2.00737 2.00420 2.00208 2.00455
a gave ) (gx + gy + gz)/3.
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scured by the increase in line width due to increase in
g-anisotropy.2

The superior resolution of HF-EPR is clearly demonstrated
by the His189Gln TyrD° spectrum. The spectrum also
clearly exhibits another signal between thegy and gz
components of the tyrosyl spectrum (Figure 1B). This signal
is from a chlorophyll radical. Since chlorophyll is a planar
aromatic molecule, like the phenolic ring of the tyrosyl
radical, thegz component of the cation radical is expected
to be slightly displaced from the free-electrong value
(Angstl, 1989). This accounts for relatively high intensity
in the gz region. The extra intensity betweengy and gz
corresponds to the remainder of the chlorophyll signal. It
is known that theg anisotropies of the chlorophyll radicals
are small. Theg values of the bacteriochlorophylla radical
are 2.0033, 2.0026, and 2.0022 with an isotropicg value of
2.0027 (Burghaus et al., 1993). The signal observed in the
high-field spectra are consistent with these values. The
conventional 9 GHz EPR spectrum (Figure 2C) also shows
a narrow signal superimposed on the TyrD° spectrum.
D2-Tyr160Phe mutant.Figure 1C is that of TyrZ° from

the D2-Tyr160Phe mutant. The principleg values are
identical to those of WT-TyrD° and spinach TyrD°. The
features of the TyrZ° spectrum at the principalg values
appear to be broader than those of the TyrD°. This likely
reflects a slightly different orientation of the phenyl ring with
respect to the Câ protons. The 9 GHz spectrum of TyrZ°
(Figure 2B) is also broader than that of the WT-TyrD°. These
observations are consistent with recent detailed EPR studies
(Tang et al., 1996; Tommos et al., 1995) which clearly show
differences in the Câ proton-ring plane orientations in the
two tyrosyl radicals. Unfortunately without resolved hy-
perfine features, it is difficult to verify the 9 GHz measure-
ments. The major difference between the TyrZ° and WT-
TyrD° spectra is the width of thegx edge. It is clearly much
broader than the other two turning points. The shape of the
gx edge was independent of temperature from 3.9 to 21 K
(data not shown). From this, we conclude that the broadness
is probably not caused by dynamic exchange between sites
of differentg values and that the shape of thegx edge must
reflect a distribution of magnetically and chemically distinct
sites. It was possible to reproduce the line width variation
by assuming agx value of 2.0075 with a gaussian width of
0.0007 (approximately 30 G, Figure 1C dotted line). The
three largest hyperfine tensors (one of the Câ protons and
the two protons adjacent to the ring C-O group) as well as
the g tensor were included in the calculated spectrum. The
hyperfine tensors were from the literature (Tommos et al.,
1994; Rigby et al., 1994; Hoganson & Babcock, 1989). The
orientations of the tensors were similar to those of TyrD°
(Hoganson & Babcock, 1989) and model tyrosyl radicals
(Fasanella & Gordy, 1969). This distribution ingx at 9 GHz
amounts to about 1 G and is unlikely to be detectable. As
noted above, the 9 GHz spectra of TyrZ° appears to be wider
than that of the WT-TyrD° spectrum, but the difference is
less than 2 G. Hence, thegx broadening mechanism is
magnetic-field-dependent and cannot be due to either nu-
clear or electron spin-spin interaction such as to Mn(II)
ions. Relaxation measurements also preclude the pres-
ence of electron spin-spin interactions (Koulougliotis et al.,
1995).

The most straightforward interpretation of the 245 GHz
spectra of TyrZ° is that, like TyrD°, it is hydrogen-bonded.
On the basis of the broadness of the ofgx feature, we
conclude that TyrZ° exists in an electrostatically distributed
environment caused by disorder associated with hydrogen
bonding. On the average, the hydrogen bonding is similar
to that found in the wild-type with an averagegx value of
2.0075. However, in some of the centers the hydrogen
bonding is much stronger with thegx value approaching that
of the in Vitro model studied by Fasnella and Gordy (1969).
At the opposite extreme, thegx value nearly approaches that
of the value found for the His189Gln mutant and the RNR
Tyr°. At this extreme, the electrostatic stabilization is present
but is weak (Un et al., 1995). Only a very small number of
centers, if any, have no hydrogen bonds or any other forms
of electrostatic stabilization.

Comparison to Other Spectroscopic Results.A recent 9
GHz proton ENDOR study (Tommos et al., 1995) has failed
to detect the presence of a hydrogen-bond donor to TyrZ°
in the D2-Tyr160Phe mutant. However, using the special
triple ENDOR experiment, Tang et al. (1996) detected a
broad inverted proton ENDOR signal centered approximately
at the same frequency as in WT-TyrD° spectrum. A detailed
theoretical treatment of the relationship between the ENDOR
and and HF-EPR results is given in the appendix. To
summarize, thegx is essentially determined by the spin-orbit
coupling of the singly occupied molecular orbital which
describes the unpaired electron and the molecular orbital
characterized by nonbonding oxygen electrons. The hydro-
gen bonding acts as a stabilizing electrostatic perturbation
on the nonbonding oxygen electrons. A simple approxima-
tion is that nonbonding oxygen electrons are stabilized by
the electric dipole of the hydrogen-bond donor and this
electrostatic interaction has an approximate 1/r2 dependence.
By contrast, the ENDOR measures a magnetic dipole-dipole
interaction which has a 1/r3 dependence. On the basis of
this comparison, if we assume that the 3.1 MHz ENDOR
signal found in the ENDOR spectrum of TyrD° (Tang et
al., 1993, 1996) arises from a proton 1.89 Å away and that
the hyperfine coupling is purely dipolar, one would expect
the corresponding TyrZ° ENDOR signal to be distributed
from 2.0 to 4.5 MHz. Such a broad signal would be difficult
to detect. Thus far, it has been assumed that the hydrogen
bonding was distributed with respect to donor-acceptor
distance. However, the distribution could also result from
a variation in the angular orientation of the acceptor and
donor (Pimentel & McCellan, 1960). Such an angular
variation may result from different orientations of the tyrosyl
ring. A detailed analysis of such variations have been
recently reported (Warncke et al., 1995) forin Vitro tyrosyl
radicals and has been observed for TyrZ° in the D2-
Tyr160Phe mutant (Tommos et al., 1995). A distributed
environment about TyrZ° in spinach has been postulated on
the basis of variable temperature ENDOR measurements
(Mino & Kawamori, 1994). Theoreticalg factor calculations
indicate that thegx distribution is also consistent with a
variation in either distance or angular orientation or both (data
not shown).

A difference FTIR investigation has concluded that TyrZ°
is not hydrogen-bonded (Bernard et al., 1995). This conclu-
sion is predicated on the assignment of a peak at 1477 cm-1

to the TyrZ° C-O stretch frequency and a peak at 1473 cm-12 g anisotropy is defined as|gx - gz| wheregx g gy g gz.
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to the analogous mode of TyrD°. These frequencies are
significantly lower than those found by resonance raman for
the tyrosyl radical in ribonucleotide reductase [1498 cm-1

(Backes et al., 1989)] and model phenoxy radical [1505 cm-1

(Tripathi, 1984)]. A difference FTIR study (Berthomieu,
1995) of in Vitro tyrosyl radicals and phenoxy radicals has
reported C-O stretching frequencies similar to those ob-
tained by resonance raman. It is known that hydrogen-
bonding can induce downward shifts in C-O stretch
frequencies. Thus, the difference FTIR results on the
hydrogen-bonding status of TyrZ° is far from clear.
Origins of the Disordered EnVironment. What is the

underlying cause of the distribution? There are three obvious
possibilities. None of these possibilities can be ruled out
on the basis of this study. The first possible explanation is
that the disorder is induced by the mutation. On the basis
of computer models (Ruffle et al., 1992; Svenson et al., 1990,
1991), the Tyr160 mutation is over 30 Å away from TyrZ;
hence, it would seem unlikely that the mutation is the source
of the disorder. A second possibility is that the observed
disorder is inherent. It has been suggested that TyrZ is
structurally flexible reflecting its function as a hydrogen atom
abstractor (Tommos et al., 1996; Hoganson et al., 1995).
Finally, the disorder maybe caused by the manganese
depletion. The PSII samples discuss in this paper lack intact
manganese clusters. It is known that electron transfer from
the water-oxidizing manganese cluster to TyrZ is sensitive
to many factors such as the specific S-state of the Mn-cluster
(Babcock et al., 1976; Dekker et al., 1984). This may be in
part due to a critical balancing of the electrostatic potential
in the region between the cluster and the TyrZ (Boussac et
al., 1992). Hence, manganese depletion is likely to have
significant electrostatic and structural effects which in turn
could induce disorder in the hydrogen bonding to TyrZ°.
This would clearly be the case if the maganese cluster were
proximal to TyrZ (Gilchrist et al., 1995). However, man-
ganese delpletion could have effects over a long distance.
Recent electron diffraction studies indicate large scale
disruption of the PSII complex upon manganese depletion
by Tris washing (Ford, 1995). Regardless of the origins of
the disorder about TyrZ°, on the basis of the HF-EPR data,
it is clear that, like TyrD°, TyrZ° is hydrogen-bonded and
on the average to same extent as TyrD°. Hence, hydrogen
bonding by itself does not appear to be the discriminating
factor which distinguishes TyrZ° from TyrD° with regards
to their stabilities.
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APPENDIX

It can be shown that the spin-orbit contribution to thegx
component of a tyrosyl radical is (Stone, 1963b)

whereúO is the spin-orbit coupling of the oxygen (151 cm-1),
Fz is the oxygen pz-orbital spin density in the ground state
singly occupied molecular orbital, (SOMO) corresponding

to a π* molecular orbital, andFy* is the oxygen py-orbital
spin density in excited state SOMO corresponding to a
nonbonding molecular orbital center on the oxygen;∆E is
the energy difference ground-state SOMO and the excited-
state SOMO. If we assume that the hydrogen bond presents
a small perturbation to the system, then eq A1 can be
expressed

wherek(r) represents the change in the SOMOs andæ is
the difference energy induced by the hydrogen bond on the
two states. For modest to weak hydrogen bonds, one can
approximate the effect as largely electrostatic andæ is small
compared to∆E. Hence eq A2 can be expanded in terms
of æ, which in turn can be expanded in a multipole expansion
(i.e., monopole or charge, dipole, quadrapole potential, etc.)
and yields

The expansion has been truncated to include only the
potential from electric charges and dipoles. If no charges
are present, theC term vanishes. At this point, it is assume
that the SOMOs are only slightly perturbed [i.e.,k(r) ∼ 1].
As shown in Figure 3, this assumption and the validity of
eq A3 is consistent withg values calculated using the PM3-
MNDOmethod (Dewar & Theil, 1977; Stewart, 1989) which
have recently been shown to yield reliableg values for
tyrosines (Un et al., 1995). The MNDO calculations were
based on the theoretical model of ap-methylphenoxy radical/
acetic acid hydrogen-bonded pair where distance between
the donor (acetic acid) and acceptor (p-methylphenoxy
radical) has been varied. The data points represent thegx
values as a function of the oxygen to hydrogen distance. No
reasonable fit could be obtained using ar-2 depedence,
however, when the distance was contracted by 0.5 Å. A
least-squares fit of the MNDO calculatedgx values yields

∆gx ) gx - ge≈ ú0ρzρ*y
∆E

)
S0
∆E

(A1)

FIGURE 3: Theoreticalgx value as a function of hydrogen-bonding
distance for ap-methylphenoxy radical which is hydrogen bonded
to an acetic acid molecule, calculated using MNDO-PM3 (points)
and using a simple electic dipole stabilization model (line; see text
for details).

∆gx )
S0k(r)

∆E+ æ
(A2)

∆gx )
S0k(r)

∆E (1- 1
∆E(Cr + D

r2
+ ...)) (A3)
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The likely origins of this offset is that the nonbonding
oxygen electrons protrude out from the nucleus and their
density reaches a maximum at about 0.5 Å.
The frequency of the ENDOR signal arising from a

hydrogen-bonding proton is purily determined by magnetic
dipole interaction (O’Malley & Babcock, 1987) and will have
a r-3 dependence. For TyrD°, a 3.1 MHz ENDOR signal
has been attributed to theA⊥ component of the proton
hyperfine coupling from hydrogen-bond donor. Based on a
point dipole approximation and a oxygen spin density of 0.3
(Tommos et al., 1995), the distance from the phenolic oxygen
to the proton is about 1.89 Å. If these ENDOR results are
compared to thegx results shown in Figure 3, a distribution
in gx of 0.0007 centered at 2.0075 would correspond to an
ENDOR signal centered at 3.1 MHz with a distributed from
2.0 to 4.0 MHz. Hence, the ENDOR signal from the
hydrogen-bond donor to TyrZ° is expected to be broad and
difficult to observed.
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