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Low frequency EPR of Pseudomonas aeruginosa azurin
Analysis of ligand superhyperfine structure from a type 1 copper site
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ABSTRACT The type 1 copper in Pseudomonas aeruginosa azurin was studied by electron paramagnetic resonance (EPR) spectros-
copy at low microwave frequencies. Partially resolved ligand hyperfine structure was observed in the perpendicular region of the spectra
at both S-band (2.4 GHz) and L-band (1.1 GHz). A trial and error method, requiring several hundred simulations, has been used to
simulate the low frequency EPR data and yield an optimum value of 30 MHz for AS, more than one half that previously reported. The fit
between the simulated and experimental data is sensitive to changes in the Euler angles and, in particular, to the angle a which rotates
the Cu A-tensor about the z-axis. Thus, the A- and g-tensors for copper in P. aeruginosa azurin do not appear to be coincident. A value
for the Euler angle 8 of at least 10° does not disturb the fit between the simulated and experimental data. These studies demonstrate the
advantage of evaluating EPR parameters from simulations at more than one frequency, especially at low frequencies where ligand

superhyperfine structure may be resolved for type 1 copper.

INTRODUCTION

The azurins are blue copper proteins which are invari-
ably involved in bacterial electron transfer processes.
They belong to a group of blue copper proteins called
cupredoxins, which bind only type 1 copper (1). This
single-domain protein from Pseudomonas aeruginosa
binds one copper ion per molecule at a binding site ~7
A from the protein surface (2). The binding geometry
about the copper is known in detail from the x-ray crys-
tal structure, and consists of a distorted trigonal bipyra-
midal conformation (2, 3). Two histidine residues
(His46 N’ and Hisl17 N?) and a cysteine residue
(Cys112 S”) are coordinated somewhat equatorially 2.0-
2.2 A from the copper, with a methionine sulfur
(Met121 S®) and a carbonyl oxygen (Gly45 O) occupy-
ing the more distant axial positions at 3.0-3.1 A (2). The
binding site in Alcaligenes denitrificans azurin is very
similar to that found in P. aeruginosa azurin (4).

Two characteristics readily distinguish type 1 copper
from copper bound in other environments. The first is
an intense Cys-S-to-copper charge-transfer absorption at
~600 nm, which give proteins with type 1 copper their
characteristic blue color (5, 6). The other distinguishing
characteristic is its electron paramagnetic resonance
(EPR) spectrum, where the hyperfine coupling constant
along the symmetry axis (g ) for type 1 Cu(II)is approxi-
mately half (150-270 MHz) of that typically observed
for simple Cu(II) complexes (7). The type 1 Cu(Il)
EPR spectra for azurin and blue copper proteins in gen-
eral have been studied extensively at J-, X-, and Q-bands
at6,9, and 35 GHz, respectively (8, 9). Electron-nuclear
double resonance (ENDOR ) spectroscopy at these fre-
quencies has also revealed details of the electronic struc-
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ture at the copper site from analysis of the ligand hyper-
fine couplings (10, 11).

Because the linewidths of EPR transitions are affected
by a distribution of magnetic parameters (i.e., strain),
the best resolution of the hyperfine and superhyperfine
structures occur at lower microwave frequencies for sim-
ple Cu(II) complexes (12). The number of nitrogen do-
nor atoms to Cu(II) in a variety of complexes can be
determined from the superhyperfine or ligand hyperfine
pattern resolved on one of the Cu hyperfine lines (typi-
cally the M; = —'/2 transition at 2-3 GHz) in the g,
region of the spectrum (e.g., see reference 13 and refer-
ences within). EPR spectra of metal ions bound at pro-
tein sites are typically prone to more broadening from
strain than those of simple Cu(II) complexes (9). How-
ever, ligand hyperfine resolved only in the g, region at
X-band, has been resolved in both the g, and g regions
at S-band (2.4 GHz) for the type 1 copper in Polyporus
versicolor laccase, a multicopper oxidase (14).

In this study, we have examined the low frequency
EPR spectra of the type 1 copper site in Pseudomonas
aeruginosa azurin at S- and L-bands (2.3-2.4 GHz and
1.1-1.2 GHz, respectively). At these frequencies, ligand
superhyperfine structure is resolved in the g, region but
not in the g, region of the spectra. Simulations of this
newly resolved fine structure at low frequencies are used
to evaluate the parameters previously determined from
EPR and ENDOR experiments at X-band and Q-band.
The advantage of a multifrequency approach is de-
scribed, where the resolved superhyperfine structure be-
comes a sensitive reporter for obtaining refined EPR pa-
rameters from simulations.

MATERIALS AND METHODS
Preparation of azurin samples

Azurin was isolated from a bacterial cultivation of P. aeruginosa
(strain No. 10145; American Type Culture Collection) according to
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FIGURE | Multifrequency EPR spectra of the cupric site of azurin.
Spectrometer conditions: X-band (9.13 GHz), 7.4 K; S-band (2.38
GHz), 120K; L-band ( 1.14 GHz), 120 K; modulation amplitude, 5 G;
modaulation frequency, 100 kHz.

the method of Ambler and Brown (15). Protein purity was determined
by monitoring the ultraviolet absorption below 280 nm as well as the
ratio of the absorbance maxima at 624 and 280 nm. Azurin with an
absorbance ratio of ~0.46 was used for this work. Recent work, how-
ever, suggests the presence of non-metalated protein for preparations
with an absorbance ratio < 0.5 (16), but this is not expected to affect
the EPR results.

Isotopically pure 5*Cu(I1)-azurin was prepared by first preparing the
apoprotein by anaerobic dialysis against 0.1 M thiourea, 0.25 M NaCl,
and 5 mM sodium ascorbate in 50 mM pH 4 ammonium acetate (16).
Immediately following removal of the thiourea by dialysis against 25
mM pH 8 tris buffer (Sigma Chemical Co., St. Louis, Missouri), the
apoazurin was incubated with a 1.5-fold excess of *Cu(I1) (prepared
by dissolution of isotopically enriched CuO from Oakridge Laboratory
in a minimal amount of HCl). The reconstituted azurin was purified
by dialysis against 0.1 M pH 6 sodium phosphate for analysis. The
protein was kept at 4°C at all times during sample preparation. '

EPR experiments

EPR spectra at X-band (9.16 GHz) were recorded on a Varian Century
Series spectrometer (Palo Alto, California). A Gauss meter (MH-110R
Radiopan, NMR magnetometer) was used to calibrate the magnetic
field and a frequency counter (EIP model 548) was used to determine
the microwave frequency. Loop-gap resonators and low frequency
bridges used for measurement at S- (2.4 GHz) and L-band (1.1 GHz)
frequencies were designed and built at the National Biomedical ESR
Center (12, 18). Temperatures were maintained with an Air Products
(Allentown, Pennsylvania) helium flow system. The first harmonic of
first derivative spectra were obtained using SUMSPEC92, a data manip-
ulation program available upon request from the National Biomedical
ESR Center in Milwaukee (19).

Simulations

EPR spectra were simulated with the QPOW program (20, 21) ob-
tained from the Illinois Electron Spin Resonance Center, Urbana, Illi-
nois (National Institutes of Health, National Center for Research Re-
sources). Matrix diagonalization of the Zeeman and hyperfine terms
are coupled with perturbation treatment of the superhyperfine interac-
tions. The spin Hamiltonian for QPOW has the following terms:
¥ =BH-g-S+1:4-S + gfuH-1 + I-P-1, where 8 is the
Bohr magneton; 8y, the nuclear magneton; H, the magnetic field; 4,

the hyperfine tensor; S and I, the vectors for electron and nuclear spin.
In this study, Gaussian lineshapes were employed.

RESULTS AND DISCUSSION

Multifrequency EPR spectra of the
type 1 copper site of azurin

First derivative EPR spectra for ®*Cu-azurin at X-, S-
and L-bands are shown in Fig. 1. Ligand superhyperfine
structure was not resolved at X-band, even at 7.4 K (Fig.
1). At 123 K, however, ligand superhyperfine structure
was clearly visible in the perpendicular region of the
spectrum at S-band (Fig. 1). The resolution of this su-
perhyperfine structure was enhanced in the second deriv-
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FIGURE 2 Second derivative S-band (2.35 GHz) spectra of the cupric
site of azurin at 123 K, 36 scans; 198 K, 30 scans; 264 K, 25 scans; 298
K, 54 scans, etc.; scan time, 2 min; modulation frequency, 100 and 1
kHz.
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FIGURE 3 Second derivative L-band (1.64 GHz) spectra (dashed
lines, A and B) at ~20 K for the cupric site from azurin. Modulation
frequencies, 100 kHz and 270 Hz; time constant, 0.1 s; scan time, 1
min; microwave power set at 22 dB. The first harmonic (dashed lines,
C) of the experimental S-band spectrum described in Fig. 4. Simula-
tions with parameters from Table 2 except for (4) A, = 46 MHz; for (B
and C) 4, = 30 MHz.

ative spectrum (Fig. 2, top spectrum) or the first har-
monic of the first derivative spectrum (Fig. 3 C).

The EPR spectrum from the copper site in azurin
changes as the temperature increases. A decrease in the
resolution of the superhyperfine structure in the g, re-
gion of the S-band spectrum was observed as the temper-
ature was raised from 123 K to room temperature (Fig.
2). The resolution was much improved upon lowering
the temperature from 123 to 20 K, but no additional
lines were resolved (compare Fig. 2, top spectrum, with
Fig. 3 C). Very little data are available for the complex

g, region of EPR spectra, but the improved resolution at
S-band and 20 K may be close to optimum with respect
to ligand hyperfine structure. Although superhyperfine
structure was not visible in the L-band spectrum at 120
K (Fig. 1), it was clearly resolved at 20 K (see Fig. 3).

The superhyperfine structure in the g, region and the
Cu(II) hyperfine lines in the g; region of the EPR spectra
are lost as the temperature increases (Fig. 2). Bacci and
Cannistraro (22) have studied the role of vibronic cou-
pling for the temperature dependence of the g-strain in
proteins containing a type 1 Cu(II) binding site. During
the motion in the (anharmomic) potential well, excited
electronic states are coupled to the ground state to vari-
able extents, depending on the quantum of the vibration.
In this case, the g-tensor and hyperfine values are really
functions of the mean vibronic amplitude of the nth
level. The superhyperfine structure may also be sensitive
to vibronic motion and is lost as the temperature is
raised.

FIGURE 4 First derivative S-band (2.3 GHz) spectrum at ~20 K for
the cupric site from azurin (dashed lines). Modulation amplitude, 1 G;
modulation frequency, 100 kHz; time constant, 0.03 s; microwave
power, 0.2 mW. Simulations with the parameters from Table 2 except
for (A) A, = A, = 66 MHz and the Euler angles are zero; for (B) 4, = 18
MHz and A, = 46 MHz and the Euler angles are zero; and for (C) 4, =
18 MHz and 4, = 30 MHz.
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TABLE 1 Original parameters from literature (published
values)**

g ACu ANI ANZ AHI AHZ PiCu

g 2052 66
g, 2263 161 27 17 23 18 55

* Werst et al., 1991; Roberts et al., 1984. *Hyperfine and quadrupole
(P") terms in MHz.

From the x-ray crystal structure (3, 2) and the Q-band
(35 GHz) ENDOR data (11), there is little doubt that
the ligand hyperfine couplings are due to 2N from two
coordinated imidazole rings (His46 and His117)and 2H
from the methylene protons adjacent to the coordinated
sulfur of Cys112. The relatively large electron spin densi-
ties on these protons are attributed to the high degree of
covalency of the Cu-S bond with Cys112, and is sup-
ported by theoretical models (23).

In the most simple case, where the Cu(II) signal is
axial (i.e., g = g,) and the ligand hyperfine couplings are
all equivalent, a 7-line superhyperfine pattern with
1:4:8:10:8:4:1 intensity would be expected for each of the
four Cu hyperfine transitions in the perpendicular re-
gion, that is, 4 overlapping sets of 7 lines. The resolution
in this region would therefore depend on the magnitudes
of the copper and ligand hyperfine couplings and the
resulting overlapping patterns. In reality, the EPR spec-
trum for azurin is further complicated by a slightly
rhombic g-tensor (i.e., g, # g, [8]), ligand hyperfine
couplings which are not equivalent (11) and “over-
shoot” lines (or anomalous Cu lines), and possibly by
lines from forbidden transitions and shifts due to qua-
drupole terms (7). At 20 K, at least 8-10 lines were re-
solved in the second derivative spectrum of the perpen-
dicular region at both 1.16 and 2.35 GHz (Fig. 3).

FIGURE 5 First derivative simulated S-band spectra in which the hy-
perfine constant for copper, A,, is varied from 10 to 60 MHz (lefi-to-
right on high field side). EPR parameters except for A, are given in
Table 2. The microwave frequency for these simulations is 2.2379
GHz.

FIGURE 6 Second derivative simulated S-band spectra in which the
Euler angle, a, is varied from 0 to 20 to 40° (top spectra) and from 40 to
60 to 80° (bottom spectra). The dashed lines mark the 40° spectrum in
both sets. EPR parameters given in Table 2.

Simulations

Computer simulations of the EPR experimental data at
1.16 and 2.35 GHz are shown in Figs. 3 and 4. To some-
what simplify the calculations, certain assumptions were
made. First, since the two strong proton couplings from

P

FIGURE 7 Relative axes for g- and A-tensors.
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TABLE 2 EPR parameters from simulations*

g A Euler angles AN AN? AH w A-strain g-strain
x 2.032 30 (46) 60 (a) 27 21 24 6 -0.01 0.001
y 2.047 18 10 (8) 25.5 18 18 10 -0.5 0.1
z 2.253 172.2 10 (v) 27 17.5 21 14 =25 6

Quadrupole parameters: QD, 5.5; QE, —1.0. *Hyperfine and quadrupole terms in MHz.

Cys112 differed by only S MHz (11), they were made to
be equivalent at an intermediate value (Table 2). Fur-
thermore, since both proton and both nitrogen tensors
were found to be nearly isotropic, little effect from rota-
tion of these tensors was anticipated, and the Euler an-
gles for these tensors were not varied. Finally, higher
order terms in the equations which define the hyperfine
couplings were not included and may lead to small dis-
crepancies in the relative intensities of the various transi-
tions of the simulation (24).

Simulations to which the previously published param-
eters were strictly adhered (see Table 1) did not ade-
quately describe the low frequency EPR experimental
data for P. aeruginosa azurin. The discrepancy between
the simulated and experimental data is shown in Fig. 4 A
for the first derivative S-band spectrum. The broad
doublet in the g, region of the simulated spectrum col-
lapses to a single line when the copper hyperfine was
reduced to <46 MHz (Fig. 4 B). Aqualino et al. (9) also
set an upper limit of about 54 MHz for 4, and simulate
spectra with 4, and A4, of ~45 MHz. Fig. 5 shows more
clearly the effect on the lineshape by varying 4" from 10
to 60 MHz in 10 MHz increments. Use of the second
derivative spectra permitted more precise parameters to
be extracted from the simulations through visual inspec-
tion of the fit between the simulated and experimental
data, and optimum values obtained for 4, and 4, in this
way were 30 and 18 MHz, respectively.

The fit of the simulated to the experimental data im-
proved further when the Euler angles for the copper hy-
perfine were varied in 10° increments relative to the g-
tensor (Fig. 6). An optimum value of 50-60° was deter-
mined for «, the angle of rotation of the A-tensor axis
system about the z-axis (see Fig. 7). Setting « at 60° and
varying the second Euler angle 8 (rotation about the new
x-axis) caused large changes in the lineshape. A value of
only 10° was determined to be optimum for 8. Since 3 is
a small angle, rotation of vy about the new z-axis was
expected to vary much like rotation of «, and a value of
10° was arbitrarily selected. The final Hamiltonian pa-
rameters used to simulate the EPR data are listed in Ta-
ble 2. It is important to note that the parameters in Table
2 have not been changed for simulations at X-, S- and
L-band frequencies. The low symmetry of the cupric site
in azurin increases the number of EPR parameters, but
multifrequency data are used to determine as many EPR
parameters as are sensitive to the data.

Non-coincident g- and A-tensors and a buildup of
spectral intensity, i.e., an “overshoot” from the superpo-
sition of the set of all orientations having the same g-
value may explain the previously reported value of 66
MHz for A" (10). It should be noted that the orienta-
tion of the trigonal plane about Cu(II) containing the
approximately coplanar S(Cys112), N(His46), and
N(His117) ligands has not been determined with respect
to the g- and A-tensor axes. Additional studies such as
ENDOR-induced EPR would be necessary to determine
the angle between the Cu-N bond axis and the g,-
axis (25).

Inclusion of quadrupole terms broadened the hyper-
fine structure in the simulations. This broadening was
offset by reducing the linewidth parameters. It appears
that a minimum linewidth of the M; = —3/2and —'/2lines
in the g region is ~ 16 G (Table 3). Reducing the corre-
lation coefficient, a measure of the degree of correlation
of the g- and A-strains (12) from 1.0 to 0.5 had little
effect on the linewidths and lineshape. Parameters for g-
and A-strain were also added to contribute to the line-
width. Whether these linewidth and strain parameters
listed in Tables 2 and 3 are unique is uncertain, but gen-
eral trends are probably valid. For example, the line-
width parameters for the x- and y-axes are less than for
the z-axis. This is consistent with small changes in the
Euler angles and/ or strains. Strains involving the Euler
angles @ and v result in large changes in linewidths be-
cause of the relatively large anisotropy in the xz or yz
planes. Small absolute values of the parameters and/or
less anisotropy give sharper lines in the xy plane. Al-
though significant resolution of ligand hyperfine in the
g, region of the type 1 copper site in azurin has been
obtained, additional methods such as multiquantum
EPR (26) may be required to improve the resolution of
the fine structure in the g, region.

Aqualino et al. (9) have obtained frozen-solution EPR
spectra at 6, 9, and 35 GHz. Anomalies in the splitting

TABLE3 Linewidths in g, region*

Frequency Temperature M, =% M, =-"
X 22K 21 ~25
S ~120K 18 18
S 20K 18 16
L ~120K 17 18

* Halfwidth at half height in Gauss.
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and shapes of the lines in the g, region are simulated
assuming a correlated distribution in spin-Hamiltonian
parameters. Because the M, = +'/2line in the g, region at
low frequencies was obscured by the intense features in
the g, region, anomalies in the splittings of the lines were
not detected. But even though only the M; = —32 and
—1/2 lines are resolved at low frequencies, large values for
the strain parameters for the g, lines (Table 2) were used
to simulate the g, lines in the S-band spectrum (Figs. 3 C
and 4 C). At low frequencies, strain is minimized and
may not be as dominant a factor as at 6, 9, and especially
35 GHz (9). Thus, the effect of non-coincidence of the
g- and A-tensors on spectral shape at low frequencies
(Fig. 6) is substantial, whereas a small change in hyper-
fine separation with non-coinciding principal axes of the
g- and A-tensors does not explain the collapse of hyper-
fine structure at 35 GHz (9).

In summary, we have used the low temperature EPR
spectra at various frequencies to refine the Hamiltonian
parameters which describe the Cu(II) site in P. aerugin-
osa azurin, particularly in the complex g, region of the
spectrum. Parameters have been found that yield a simu-
lated spectrum, consistent with the experimental one.
We cannot exclude the possibility that other choices of
parameters may do as well; however, the fact that the
same parameters can be used to fit spectra at different
microwave frequencies is extremely encouraging.

Initial attempts by M. Pasenkiewicz-Gierula to simulate the multifre-
quency data, transfer of the simulation program to our computer by J.
Ratke, S-band data at 20 K from M. Newton, and simulations from J.
Ratke are greatly appreciated.
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