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ABSTRACT: Tryptophan radicals, which are generated in the reconstitution reaction of mutants Y122F and
Y177W of subunit R2 apoprotein d&. coli and mouse ribonucleotide reductase (RNR), respectively,
with FE™ and oxygen, are investigated by high-field EPR at 94 GHz and compared with the tyrosine
radicals occurring in the respective wild-type proteins. For the first time, accgradies are obtained

for protein-associated neutral tryptophan free radicals, which show only a small anisotropy. The apparent
hyperfine patterns observed in frozen solutions are very similar for tryptophan and tyrosine radicals in
mouse subunit R2 at conventional X-band EPR. The radicals can, however, be discriminated by their
different g-tensors using high-field EPR. Tryptophan radicals were postulated as reaction intermediates
in the proposed radical transfer pathway of RNR. Furthermore, the data obtained here for the electronic
structure of protein-associated tryptophan neutral free radicals are important for identification and
understanding of the functional important tryptophan radicals which occur in other enzymes, e.g., DNA
photolyase and cytochromeperoxidase, where they are magnetically coupled to other radicals or to a
metal center.

Ribonucleotide reductase (RNRjatalyzes the reduction  thiyl radical close to the substrate, at cysteine C439, which
of ribonucleotides to deoxyribonucleotides and is therefore is generated by coupled electron/proton transfer from C439
a key enzyme for DNA synthesis. Class | ribonucleotide to the tyrosine radical Y122* in subunit R2{9). The
reductases consist of two proteins, R1 and R2, both of which postulated radical transfer pathway involves also a tryptophan
are homodimers. R1 contains the binding sites for substrateradical intermediate (W48 i&. coli).
and the allosteric effectors, and R2 carries a dinuclear iron  Removal of the dinuclear iron center from R2 is ac-

site and, in the active state, a tyrosine radical. The three- companied by a loss of the radical state at Y122 leading to
dimensional structures of R1)(and R2 ) from Escherichia  the jnactive apoprotein R2. The catalytically essential iron/
(E) coli and of R2 from mouse3] have been determined  radjcal center can be reconstituted in a reaction of the iron-
by X-ray diffraction In the active enzyme, the diiron center  free apoprotein with ferrous iron and molecular oxyged) (

in R2 is in the diferric FEFe!' state and couples antiferro-  11) Thereby an intermediate high-valent'feV state (X)
magnetically to a8 = 0 ground state. The tyrosine radical, s formed in this reaction, which is capable of oxidizing the
Y122, is in close vicinity @) to the diiron center. The  nearhy Y122 to its radical formle—14).

catalytic reaction in R1 is believed to start from a transient Several mutants have been constructed where Y122 is

replaced by other amino acids. Their iron reconstitution and
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! Abbreviations: RNR, ribonucleotide reductase; EPR, electron . S . . . .
paramagnetic resonance; ENDOR, electron nuclear double resonance; Protein-linked tryptophan cation radicals, associated with

hf, hyperfine; Y122*, functional tyrosine radical in wild-type RNR & heme iron, have already been detected earlier by EPR and

subunit R2 fromE. coli; Y177*, functional tyrosine radical in wild-
type RNR subunit R2 of mouse; W111*, transient tryptophan radical
during reconstitution of mutant apoprotein R2-Y122Fofcoli with
Fet; W177*, transient tryptophan radical during reconstitution of
mutant apoprotein R2-Y177W of mouse with?Fe

ENDOR spectroscopy in cytochroneeperoxidase 18). In
this system, the intrinsic hyperfine structure apdalues of
the tryptophan radical were, however, obscured by the
interaction between the electron spins on the heme iron and
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Elexsys 680 spectrometer. Spectra were recorded at 80 K.

Yy
Hg, 023 Low microwave power, typically only a few microwatts, was
R / 029 used in order to avoid saturation effects. For pregisensor
/C 038 0 2" T values, the microwave frequency was measured by a
Hg, frequency counter, which is integrated in the spectrometer.
0.25 The magnetic field was calibrated wittgestandard [Li:LiF,

g = 2.002293(2),%1)] at two different frequencies (typically
94 and 94.3 GHz). All spectra were recorded in the
“persistent mode” of the superconducting magnet, using the
room-temperature coils for the field sweep. Thereby a high
linearity and stability of the field was ensured. The design
of the W-band EPR resonator {##cavity) ensures high
sensitivity and a small active sample dimension (approxi-
Ficure 1: Molecular structures, numbering schemes, gitenhsor mately 0.5 mm diameter and 1.5 mm heighth). This leads to
axis orientations for tyrosine (top) and tryptophan radicals. The a high-field homogeneity over the active sample volume

boldface numbers give the-spin densities at the respective (petter than 0.05 mT) which allows excellent simultaneous
positions derived from EPR and ENDOR experiments for tryp- resolution ofg- and hf-tensor components

tophan radicals1(7), and for tyrosine radicalst(, 41). i )
Simulation of Spectralhe EPR powder spectra have been

on the tryptophan radical. The diiron center in R2 of RNR analyzed using a program for simulation and fitting of EPR
is at a distance of-4 and~5 A from the tryptophan radicals ~ SPectra with anisotropig- and hf—tensors_descrlbed inQ). _
W111* and W177* in R2-Y122F and R2-Y177W, respec- The spectra were simulated by computing the resonant field
tively. More important, the diiron center is in the diferric  POSition correct to second order at the given microwave
state and couples antiferromagnetically toSws 0 ground frequency dependent on the c_)r|e_ntat|on of the tensc_)r_s with
state (9). Therefore, the tryptophan neutral radicals W111* respectto the external magnetic fieRP). The superposition
and W177* generated in the R2 mutants have, at low of all orientations for the randomly oriented powder-like
temperaturesT{ < 100 K), spectroscopic characteristics of Sample was performed employing a spiral appro&3), (
isolated free radicals. typically using 1000 grid points. No restrictions for the
Here, we report first high-field EPR studies on these relative orientation of the principal axes of the different
protein-linked neutral tryptophan free radicals (Figure 1). Full [€nsors exist. The principal axis system of gagensor serves
hyperfine fif)-tensors and for the first time accurate values 2S @ reference system, and the orientations ohtftensors,
for the g-tensor were obtained from spectra simulations and Ai» @€ given by three Euler angles. The resulting histogram

fits for two tryptophan neutral radicals and compared with ©f resonant field positions is folded with a combined
those of the tyrosine radicals (Figure 1) in the respective Lorentzian and Gaussian line shape function, finally yielding

wild-type R2. It is shown that thg-tensor is a fingerprint (e derivative EPR spectrum. A nonlinear least-squares
for the particular type of radical, which may be used to foutine is used to find the optimum set of parameters for
identify these different radicals even in cases where different P€St Simulating a given experimental spectrum.

protein environments induce changes of Hietructure. DFT Calculations.Density functional theory (DFT) cal-
culations were performed to obtain principle values and axes
MATERIALS AND METHODS of the g-tensor of the tryptophan neutral radical. The ADF

package Z4) was used for the geometry optimization and
the g-tensor calculation. As a model for the tryptophan
radical, 3-CH indole was used. The geometry optimization
was performed at the scalar relativistic ZORA level with the
Becke @5) and Perdew26) gradient correction and cor-
relation terms, respectively. For thetensor calculation, the
spin—orbit relativistic ZORA level was used.

Sample PreparatiorOverproduction of R2 was achieved
in E. colistrain MC1009 pGP1-2 pTB2 for wild-tyge. coli,
in strain MC1009 pGP1-2 pMK5 for mutant Y122F (radical
W111*) of E. coli, and in strains BL21(DE3) pLysS pETR2
and BL21(DE3) pLysS pETR2-Y177W for wild-type and
mutant Y177W of mouse as described itb,(17). Wild-
type and mutant R2 were isolated and purified adB {7,
20). Freshly prepared and concentrated wild-type R2 (0.5 ResyULTS
mM) of E. coli exhibited a radical yield for Y122* of about
1.0 per R2. Y177* in native R2 of mouse was generated by W111*, g- and hf-Tensorszigure 2 shows the obtained
reconstitution of the apoprotein with ferrous iron and oxygen W-band EPR spectra for the tryptophan radical W111* in
as described in20). Tryptophan radicals were generated mutant R2-Y122F compared with the tyrosine radical Y122*
from mutant proteins Y122F and Y177W by reconstitution in wild-type R2 of E. coli. The spectra exhibit good
of the apoproteini(1, 15, 16); they have lifetimes of several ~ g-resolution (in particular for the tyrosine radical), as
minutes at room temperature. Apoprotein R2 was concen-expected for the higher microwave frequency, 94 GHz
trated typically to 1 mM before reconstitution. After mixing compared with 9.4 GHz at conventional X-band EPR, and
of the aerobic apoprotein with anaerobic ferrous sulfate at the same time also good hyperfine resolution. This

solutions, EPR samples were quickly filled (460 s) into indicates that the radicals have a well-defined environment
quartz capillaries for W-band EPR (0.5 mm i.d., 0.9 mm and structural heterogeneities of the protein, which would
0.d.) and frozen immediately in liquid nitrogen. give rise tog or hyperfine strain, are not prominent.

EPR Spectroscopygontinuous-wave high-field EPR ex- The EPR spectrum of W111* exhibits an almost sym-
periments at 94 GHz (W-band) were performed on a Bruker metrical four-line pattern with resolved subsplittings, in
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Ficure 2: Comparison of high-field EPR spectra (94 GHz) of
tryptophan radical W111* irEscherichia colimutant R2-Y122F
and tyrosine radical Y122* irEscherichia coliwild-type R2.
Experimental conditions: Y122*T = 20 K, microwave power
(mw) = 2 uW, modulation amplitude (may 0.4 mT, modulation
frequency (mfj= 100 kHz; W111*: T = 40 K, mw = 2 uW, ma

= 0.1 mT, mf= 100 kHz; accumulation times: 6 min and 2 min

Bleifuss et al.

Table 1: g-Tensor Principal Values for Tryptophan and Tyrosine
Radicalg

Ox Oy 0;
Will= 2.0033(1) 2.0024(1) 2.0021(1)
W177% 2.0035(1) 2.0025(1) 2.0023(1)
Wb 2.00406 2.00284 2.00218
Y122%ac 2.0091(1) 2.0046(1) 2.0021(1)
Y177%ac 2.0076(1) 2.0044(1) 2.0021(1)

2 This work, from simulated EPR spectra (Figures 2 and 3); numbers
in parentheses are errors in the last digi€alculated values for the
3-CHs-indole neutral radical. For orientation gfaxes, see text.Values
agree within experimental error with those given20,(39. For Y177*,

a hydrogen bond was verified by ENDORO0], which is absent in
Y122* (see text).

the molecular structure. The fit for W111* (Figure 2 and
Table 3) shows that the axis of the largédy-hf-tensor
component is parallel to that of the lowestalue,g,. The
axial symmetry A, = A,) and the large anisotropy of the
hf-tensor indicate significant-spin density g ~ 0.2; see
ref 17) at the*N nucleus of the tryptophan radical W111*.
For this case, the large$N-hf-tensor component is expected
for the out-of-plane axig (see Figure 1). The finding, that
the g-axis is perpendicular to the molecular plane, is found
for most w-radicals with planarz-systems, and is also
expected from theory28).

The orientation of the in-plang-tensor axegy andg, can
be obtained from thkf-tensor axes of the-protons directly
attached to ther-system, which are known to exhibit large
anisotropy within the molecular plane. For an isolatedHC

for W111* and Y122*, respectively. The dashed traces are best fragment' where C is a carbon of thesystem’ the axis of

simulations using thg- and hf-values given in Tables-13 and

single-component Gaussian line widths of 0.18 and 0.2 mT for

W111* and Y122*, respectively.

particular on the low-field side. This already indicates that

the largest tensor component is expected to be in the
molecular plane perpendicular to the-8 bond @9). The
simulations of the high-field EPR spectrum of W111*
indicate that the axis dj, forms an angle of about 2@vith

the spectrum is dominated by hyperfine interaction and the axis of the largestf-tensor component of ore-proton.

g-anisotropy is small. Simulations and fits of the EPR
spectrum were performed using one anisotréfhichf-tensor,
the almost isotropidf-tensor data of twgs-protons from
the tryptophan side chain, and the anisotrdgitensors of
two ring protons from ENDORX(7) as starting values. The
four-line structure in the EPR spectrum of W111* is due to
the two S-proton hyperfine couplings, one of them being

For a second:-proton, 60 is obained for the corresponding
angle. Earlier density functional calculations of the tryp-
tophan neutral radical indicated significant carbotspin
densities and corresponding larggrotonhf-couplings only
for positions 5 and 7 (ref7, see Figure 1). Due to the similar
magnitudes of their respectiv@-tensor components, it is
not possible to assign either of these obseiviensors to

approximately twice as large as the other (Table 3). The Position 5 or 7, thus leaving two possible orientations for

subsplittings which are particularly seen on the low-field side
result from the two anisotropia-protons. The outermost

the gc-axis in the molecular plane: either 210r 60° with
respect to the largesif-tensor axis of position 5, which is

shoulders, best seen on the high-field side, are due to theeXpected to be parallel to the moleculaaxis (Figure 1).

largest'*N-hf-tensor componentA(;). The final fit of the
spectrum (dotted line) yielded all thrgeensor components
for W111* (Table 1), thehf-tensor components dfN and
four protons and the relativgg andhf-tensor axis orientations
are collected in Table 3. Thg-values of W111* given in
Table 1 represent the first accuragiensor data for a neutral

Based on theoretical considerations (see below), we prefer
the assignment where tige-axis forms an angle of only 20
with the molecularx-axis.

DFT Calculations Since the simulations of the EPR

spectra allowed two possible orientations of theaxis in
the molecular plane (see above), we performed DFT calcula-

tryptophan free radical and show only small anisotropy as tions to obtain a theoretical value for tgetensor principle
compard to oxygen-containing radicals such as tyrosine orvalues and axes. The calculated principle values are given

quinones 27).

Important information about the electronic structure of the
tryptophan radical W111* is the orientation of gstensor
axes with respect to its molecular structure. The fit of the
high-field EPR spectra of W111* (Figure 2) yields only
relative orientations between andhf-tensor axes. However,
the orientations of théf-tensor axes are clearly related to

in Table 1 together with the experimental results. The
principal axis corresponding to the smallgstensor com-
ponent g, is perpendicular to the molecular plane. The
principal axis corresponding to the larggstensor compo-
nent g« forms an angle of 20with the molecularx-axis
(Figure 1), in favor of the assignment with the smaller of
the two angles, consistent with the EPR simulations.
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Table 2: Hyperfine Tensor Principal Values (mT) for Tyrosine
Radicals

Y122+ Y177+

positior?  A,C A® Af Ac A Af
Hp: 2.17 1.96 206 215 190 2.14
Hp> <02 <02 <02 095 025 057
H3 0.96 0.28 070 091 044 0.66
H5 0.96 0.28 070 075 049 0.58

aThis work, values from simulations of the spectra (Figures 2 and
3).»See molecular structures (Figure 1)-axis is collinear with
molecular axis (Figure 1); x- and y-axes deviate from the respective
molecular axes by approximatel12°, for H3 and H5; signs not
determined; from theory, values for H3 and H5 should be negative;
estimates error40.05 mT. Hyperfine tensor values of Y122* are in
agreement with those obtained by ENDOR 42)(

Comparison with Y122*In contrast to the case of
tryptophan radical W111*, the EPR spectrum of the tyrosine
radical Y122* in wild-type R2 ofE. coli (Figure 2, lower
trace) is very asymmetric, which indiates a dominating large
g-anisotropy. A fit to the EPR spectrum (dotted line) yielded
the g- and hf-tensor data collected in Tables 1 and 2. The
g-anisotropy is fully resolved at 94 GHz, allowing an
immediate discrimination between these two types of radi-

Biochemistry, Vol. 40, No. 50, 200115365
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Ficure 3: Comparison of X-band (A,B) and W-band (94 GHz,
C,D) EPR spectra of the tryptophan radical W177* in mouse mutant
R2-Y177W and the tyrosine radical Y177* in mouse wild-type R2.
Experimental conditions: (A,B)T = 20 K, mw= 10uW, ma=
0.1 mT, mf=12.5 kHz; (C): T=20 K, mw= 2 uW, ma= 0.1

T
330

cals. The hyperfine structure in the spectrum arises from onemT, mf= 100 kHz; (D): T = 20 K, mw= 2 yW, ma= 0.4 mT,

large almost isotropig-proton coupling, which gives rise
to the splitting of thegy-component, and two anisotropic
a-protonhf-tensors, which have large components only for
the gy andg, directions. Theg-axis is assumed to be parallel
to the G=0 bond @0, 31; see Figure 1). The-protonhf-

tensors are assigned to the protons at positions 3 and 5 base

on earlier guantum chemical calculatior¥?), The axes of
their largeshf-tensor component#\() form angles oft-12°
and —12° with the gy-axis.

W177* and Y177*The advantage of high-field EPR for
discrimination of tryptophan and tyrosine radicals is clearly

mf = 100 kHz.

of mouse agree within experimental error. Theensor
values obtained from fits of the high-field EPR spectra of
the tyrosine radicals Y122* and Y177* are quite different
Hom those of the tryptophan radicals. Téevalues are very
similar for both types of radicals since they argadicals,
but theg, andgy values are very different and may serve as
molecular fingerprints of the particular type of radical. There
is an interesting difference between tevalues of the two
tyrosine radicals Y122* and Y177*, see below.

demonstrated in Figure 3, where the X-band and W-band piscussion

EPR spectra of the tryptophan radical W177* of mutant
Y177W and the tyrosine radical Y177* of wild-type mouse
R2 are compared. At X-band (9.4 GHz), both radicals yield
surprisingly similar spectra (Figure 3A,B), which are domi-

g-Values of Tryptophanmersus Tyrosine Radicalslhe
observed much smalleranisotropy of tryptophan radicals
W111* and W177* (Table 1) as compared with the tyrosine

nated in both cases by the large and almost isotropic radicals Y122* and Y177* can be understood qualitatively

hyperfine splitting of onefS-proton of the side chain.
However, at W-band (94 GHz), the spectra of both radicals
are very different. The spectrum of Y177* is now much
broader and dominated by a larg@nisotropy (Figure 3D),

whereas that of W177* shows much less change (Figure 3C).

Simulations and fits of the high-field EPR spectrum of
W177* (dotted trace, Figure 4) using tid-tensor of one
pB-proton from the side chain and two anisotropfaensors
from two ring protons from ENDORIE) as starting values
yielded all threeg-tensor components given in Table 1. The
final proton and nitrogerhf-tensor values including the
relative orientations off- andhf-tensor axes obtained from
the fits of the high-field EPR spectra of W177* are collected
together with those for W111* in Table 3. Note the large
difference of thehf-tensor values from protonsfdand H3,
of W177* as compared with W111* which is disussed
below. Theg-tensor andhf-tensor values obtained from fits
to the high-field EPR spectrum of the tyrosine radical Y177*
are given in Tables 1 and 2.

All three g-tensor components of the tryptophan radicals
W111* in R2-Y122F ofE. coliand W177* in R2-Y177W

in the frame of they-factor theory of Stone2@). According
to (28), the out-of-plane componerd;, of theg-tensor of a
planarm-radical should be equal to the free electron value
(ge = 2.002319), which is indeed observed for both tryp-
tophan and tyrosine radicals, whereas the in-plane compo-
nents are shifted byigxy = gxy — ge toward higher values.
This shift originates predominantly from excitations of an
electron from a nonbonding lone pair orbital (at the oxygens
in the case of tyrosine, or at the nitrogen in the case of
tryptophan) into the half-filledz-orbital 28). For the
X-component, it is given by

Ag, = 26p™CIAE .. (1)
whereé is the spir-orbit coupling constantp™ the szz-spin
density, andt, the orbital coefficient of the, contribution
to the lone pair orbital of the respective nucle@s, (28,
30). AEn~ is the energy difference between the lone pair
and half-filled 7* orbitals. An analogous expression is
obtained forAg,. The small deviations aj, andgy from the
free electron value (2.002319) observed for W111* and
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Ficure 4: Comparison of different tryptophan radicals. (A) High-
field EPR spectra (94 GHz) of W111* iBscherichia colimutant
R2-Y122F and W177* in mouse mutant R2-Y177W. The dashed
traces are best simulations using theandhf-tensor values given

in Tables 1 and 3 and a single-component Gaussian line width of
0.18 and 0.2 mT for W111* and W177*, respectively. (B) Edge-
on view of tryptophan (compare Figure 1) showing the side chain
orientations for radical W111* (boldface) and W177* (normal).
The dihedral angle®, 13° and 6, = 133 shown for the
pB-protons of W111* are calculated from their isotropfecouplings
(see text).

Table 3: Hyperfine Tensor Principal Values (mT) for Tryptophan
Radical8

W111* W177*

positior? AS A Af Al Af Af
Hp1 2.70 275 283 <0.2 <0.2 <0.2
Hp> 1.38 138 1.38 2.25 2.25 2.25
N1 <0.1 <0.1 1.05 <01 <0.1 0.94
H5 0.68 <0.1 0.50 056 <0.1 0.46
H7 <0.1 0.61 051 0.16 0.63 0.52

aThis work, values from simulations of the spectra (Figures 2 and
3). P See molecular structure (Figure 1); for protons; tand H3,, see
Figure 4.¢ z-axis is collinear with moleculaz-axis (Figure 1)x-axis
for H5 deviates~10°, andy-axis for H7 deviates=60° from the g«
axis (see text); signs not determined; from theory, values for H5 and
H7 should be negative; estimated erra@t0.05 mT. Hyperfine tensor
values are in agreement with those obtained by ENDORLT) 7).

W177* as compared with those of Y122* and Y177* are
due to the fact that spin density in the tryptophan neutral
radicals is mainly localized on carbon g°(~ 0.5) and, to

Bleifuss et al.

a lesser extent, on nitrogen g7(= 0.2) [see Figure 116,
17)]. Both these nuclei have considerably lower spambit
coupling constants as compared with oxygén=28, 76,
and 151 cm* for C, N, and O, respectively; ré&X9). For the
tyrosine radicals, however, the shiftsgfandg, are much
larger due to their large spin density on the oxygen atom
(p™ ~ 0.3, see reR0). It is interesting to note that the ratio
of the Agy-values of the tryptophan radicals W111* and
W177* (0.0011) versus the\gs-values of the tyrosine
radicals Y177* and Y122* (0.0053 and 0.0066, Table 1) is
reproduced by eq 1 almost quantitatively when using the
respective values faf and only one lone pair orbital for the
nitrogen in the tryptophan radicals, but two lone pair orbitals
for the oxygen in the tyrosine radicals. Tganisotropy for
the tryptophan radical calculated by DFT is larger than
observed experimentally. However, the relatively small shift
of g, compared tay, is reproduced well in the calculations.
We observed a similar overestimation of thanisotropy in
calculations, e.g., for quinone radicals.

There is an interesting difference of thevalue of Y122*
and Y177*, which was already earlier interpreted as a result
of a hydrogen bond to the oxygen in Y1772Q), which is
absent in Y122* 20, 34). Hydrogen bonds, and in general
electrostatic interactions, have been shown to reducg,the
value for tyrosine radicals2Q, 30) and for quinone anion
radicals 27, 35). It can be qualitatively explained by a
stabilization of the lone pair orbital, which increas®&,.-
in eq 1, thereby reducing.gy.

g-Tensor Axes in W111ltmportant information besides
the magnitude of theg-tensor principal values is the
orientation of the respectivgtensor axes. This is required
in order to understand, e.g., the flavin/tryptophan radical pair
signals observed in DNA photolyas&3j or, e.g., to deduce
the radical orientations from single-crystal studies. The DFT
calculations show that thg,-axis is perpendicular to the
molecular plane and thg-axis forms an angle of 20with
the moleculax-axis. This finding can be rationalized within
the frame of theg-tensor theory by Stone28). According
to eq 1, the shift of the componentAgy, is proportional
to the orbital coefficient, of the contribution of the, orbital
to the lone pair orbital. Since in the tryptophan radical only
the nitrogen exhibits one lone pair orbital, which is oriented
approximately along the molecularaxis, the ge-axis is
expected to be perpendicular yoin the molecular plane,
i.e., approximately parallel to the molecubasxis (Figure
1). The calculated angle of 2@etween thay-axis and the
molecular x-axis from DFT corresponds well with this
reasoning and one orientation obtained from the EPR
simulations for W111* with an angle of 2(etween these
two axes (see Table 3).

Radical Identificationvia g- and hf-TensorsA more
general aspect of this work concerns the identification of
protein-associated radicals, which is difficult when using
standard X-band EPR methods alone. Radicals in proteins
are mostly immobilized and exhibit solid-state powder EPR
spectra, even in liquid solutions, due to the slow rotational
motion of the large proteir3g). This leads to only partially
resolved hyperfine patterns, which considerably hampers a
unique identification. This is demonstrated for W111* and
W177*in Figure 3. The spectra of the tyrosine radical Y177*
and the tryptophan radical W177* look surprisingly similar
at X-band. In such cases, additional methods such as isotopic
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labeling, as done previously for W111* and W177*( 15, ACKNOWLEDGMENT

16), or site-directed mutagenesis are required for a unique

identification. However, at higher EPR frequencies (W-band, ThWIe ghank Profs.fB.—l\;I]. S]UETQ (Stockholm) a}nd IR_’Z
94 GHz), the spectrum of Y177* reveals the typical elander (Umea) for thé. coli stems expressing
g-anisotropy of a tyrosine radical, which allows a clear mutants Y122F and Y177W.
distinction between these types of radicals without further rEEERENCES
isotope labeling.

On the other hand, as can be seen in Figure 4A, the 1-Uhlin. U., and Eklund, H. (1994)ature 345 553.
2. Nordlund, P., and Eklund, H. (1993) Mol. Biol. 232 123.

hyperfine structures of the high-field EPR spectra of the same . . _

. 3. Kauppi, B., Nielsen, B. B., Ramaswamy, S., Kjgller-Larsen,
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