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Spin-Density Distribution in the Copper Site
of Azurin
Maria Fittipaldi,[a] Gertrud C. M Warmerdam,[b] Ellen C. de Waal,[b]

Gerard W. Canters,[b] Davide Cavazzini,[c] Gian Luigi Rossi,[c] Martina Huber,[a]

and Edgar J. J. Groenen*[a]

Introduction

Blue-copper proteins such as azurin are involved in the elec-
tron-transfer chain of bacteria. In such proteins the redox-
active center consists of a copper ion, which is invariably coor-
dinated by three strong equatorial ligands—the sulfur atom Sg
of a cysteine residue and the nitrogen atoms Nd of two histi-
dine residues—and a weaker axial ligand, commonly the sulfur
atom Sg of a methionine residue. The center is embedded in
the protein, and understanding electron acceptance from and
electron donation to its reaction partners requires detailed in-
sight into the electronic structure of these proteins, in particu-
lar of their copper sites. From the viewpoint of copper coordi-
nation the blue-copper site is remarkable. This is most clearly
expressed by the relatively intense absorption of the oxidized
protein around 630 nm. This property reflects the strongly co-
valent character of the Cu�SACHTUNGTRENNUNG(cysteine) bond. Although the
blue-copper site has been the subject of many extensive spec-
troscopic investigations and quantum-chemical calculations,
consensus has not yet been reached with regard to the quanti-
tative description of the molecular orbital that is instrumental
in electron transfer. This particularly applies to its delocalization
over the copper-coordinated cysteine residue.
Figure 1 shows the copper site of azurin. Previous studies

have revealed the delocalization of the unpaired electron of
oxidized azurin over the two histidine ligands. Electron spin-
echo envelope modulation (ESEEM) experiments at X band
(9 GHz) on frozen solutions of azurin show modulations that
derive from the remote nitrogen atoms Ne of the histidine li-
gands (His117 and His46).[1–4] At W band (95 GHz) single crys-
tals could be studied by electron spin echo (ESE) detected
electron paramagnetic resonance (EPR). At this high frequency
electron nuclear double resonance (ENDOR) and ESEEM studies
on a single crystal of azurin allowed the determination of the
complete hyperfine tensor of, respectively, the remote and the
coordinating nitrogen atoms of the histidine residues.[2,5] The
unpaired electron was found to be asymmetrically delocalized

over the histidine residues, with about twice as much spin
density on His117 as on His46. Quantum-chemical calculations
of the nitrogen hyperfine tensors on a truncated model of the
copper site reproduced the observed asymmetry, albeit not
quantitatively.[6–8] At the same time, however, these quantum-
chemical calculations disagreed with respect to the delocaliza-
tion of the unpaired electron over the copper and the sulfur
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A 95 GHz pulsed deuterium ENDOR study has been performed on
single crystals of azurin from Pseudomonas aeruginosa selective-
ly deuterated at the Cb position of the copper-coordinating cys-
teine 112. Complete hyperfine tensors of the two deuterium
atoms have been obtained, which reveal identical isotropic parts.

Analysis of the hyperfine tensors provides insight into the spin-
density delocalization over the cysteine ligand. Approximately
45% of the spin density in the paramagnetic site can be attribut-
ed to copper and 30% to sulfur.

Ha

Hb

His46

His117

Cys112

Met121

Cu

Figure 1. The copper site of azurin. The copper atom is bound strongly to
three donor sites (Nd of histidines 46 and 117 and Sg of cysteine 112 with dis-
tances to copper of 2.11, 2.03, and 2.25 D, respectively. The Cys-bHs Ha and
Hb are also shown.
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atoms, with Mulliken spin densities ranging from 44% on Cu
and 45% on S [6] to 27% on Cu and 61% on S.[8] For other
blue-copper proteins calculations showed even larger varia-
tions. Among these, for plastocyanin the calculated copper 3d
versus sulfur 3p character of the singly occupied molecular or-
bital (SOMO) of the oxidized protein ranged from 40/36% [9] to
81/17%.[10]

The hyperfine interaction of the unpaired electron with the
nuclear spin of the protons bound to the Cb atom of cysteine
(Cys-bHs) provides a measure of the copper–cysteine ligation.
The isotropic hyperfine interaction of Cys-bHs has been investi-
gated by Q-band (35 GHz) ENDOR on frozen solutions[11] and
by 800 MHz 1H NMR on liquid solutions [12] of blue-copper pro-
teins. The isotropic proton hyperfine interaction is on the
order of 20 MHz, but results are controversial. For azurin, the
isotropic hyperfine interaction derived from the two experi-
ments is quantitatively different. The NMR study indicates near
equivalence of both Cys-bHs, while ENDOR indicates substan-
tial inequivalence. As yet, complete hyperfine tensors of the
Cys-bHs have not been determined. To determine the hyper-
fine tensors of the Cys-bHs, we performed 95 GHz pulsed 2H
ENDOR experiments on single crystals of an isotopomer of
azurin from Pseudomonas aeruginosa, D-Az, in which the two
Cys-bHs of the Cys 112 ligand have been replaced by deuteri-
um. We chose to study D-Az instead of wild-type azurin be-
cause the 2H ENDOR frequencies for this protein in principle
enable the determination of the deuterium nuclear-quadrupole
tensors (besides the hyperfine tensors). The quadrupole ten-
sors provide the orientation of the C�D(H) bonds in the
copper site, which gives information required for a quantitative
interpretation of the hyperfine tensors. We report 2H ENDOR
spectra for many orientations of the magnetic field in the prin-
cipal axes system of the g-tensor for one of the protein mole-
cules in the unit cell. Analysis of the spectra was complicated
by the fact that ENDOR linewidths, hyperfine anisotropy, and
nuclear–quadrupole interaction are of the same order of mag-
nitude. Nevertheless, based on some plausible assumptions,
we were able to interpret the ENDOR data in terms of the
spin-density delocalization over the copper-bound cysteine
residue. About 45% of the spin density in the paramagnetic
site can be attributed to copper-centered orbitals and 30% to
sulfur-centered orbitals.

Results

To prepare for the ENDOR study, a complete orientational EPR
study was performed on the single crystal of D-Az, following
procedures outlined previously.[13] From this study the orienta-
tion in the laboratory frame of the g-tensor principal axes sys-
tems was obtained for all 16 azurin molecules in the unit cell
(see Experimental Section). One of these molecules was select-
ed for the ENDOR study, and Figure 2 shows a 95 GHz 2H
Mims-ENDOR spectrum. This spectrum was acquired with the
direction of the external field ~B0 parallel to the z axis of the g-
tensor of this molecule and at the EPR resonance field for this
orientation of 2.9857 T. Two ENDOR signals are observed sym-
metrically displaced around the deuterium Zeeman frequency

of nZ=19.51 MHz for a magnetic field of 2.9857 T. Such ENDOR
spectra were measured for many orientations of ~B0 with re-
spect to the crystal by systematically varying the direction of
~B0 in the principal planes of the g-tensor of the molecule while
adapting the magnitude of the magnetic field, calculated ac-
cording to Equation (1) to remain in resonance with the corre-
sponding EPR transition:

Bres ¼
hn

be
P
i

gii cos�ið Þ2
� �1=2 ð1Þ

where i=x, y, z, h is the Planck constant, n the frequency of
the microwave radiation, be the Bohr magneton, and fi the
angle between the principal i axis of the g-tensor of the mole-
cule and the direction of ~B0. For the majority of the field direc-
tions we measured the ENDOR spectra only for frequencies
smaller than the nuclear Zeeman frequency. The ENDOR fre-
quencies above the nuclear Zeeman frequency have the same
absolute displacement with respect to the Zeeman frequency
and do not contain new information. Figure 3 shows the de-
pendence of the ENDOR spectra on the orientation of the ex-
ternal magnetic field in the three principal planes of the g-
tensor. For each orientation of ~B0 one broad ENDOR signal was
observed, which sometimes reveals unresolved structure.

Figure 4 shows the 9 GHz Davies-ENDOR spectrum of a
frozen solution of D-Az and of azurin acquired at a magnetic
field of 0.32 T while sweeping the radiowave frequency from
1.5 to 31.5 MHz. A series of ENDOR spectra were acquired at
different field positions in the EPR spectrum.
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Figure 2. The 2H Mims-ENDOR spectrum at 95 GHz of the D-Az single crystal
for~B0 parallel to the z axis of the g-tensor of one of the molecules in the
unit cell (B0=2.9857 T). The position of the arrow corresponds to the 2H
Zeeman frequency. The spectrum is composed of three spectra acquired by
sweeping the frequency of the radiowaves continuously in three consecu-
tive intervals. The intensity of the ENDOR signals above and below the
Zeeman frequency can not be quantitatively compared.
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Data Analysis

First consider the X-band ENDOR spectra of frozen solutions of
undeuterated azurin represented in Figure 4, which provide us
with a starting point for the analysis of the W-band ENDOR
spectra of the single crystal of D-Az. The spectrum of azurin

(Figure 4A) shows, besides a
broad, structured band around
14 MHz, the 1H nuclear Zeeman
frequency, two broad signals
around 3 and 25 MHz. These
derive from the Cys-bHs, the hy-
perfine interactions of which are
known to be on the order of
20 MHz.[11,12, 14] Both nuclei con-
tribute to the signal below and
above the Zeeman frequency.
The position of the ENDOR sig-
nals varies only a little with the
magnetic field, that is, when se-
lecting molecules differently ori-
ented with respect to this field,
which indicates that the hyper-
fine interaction is largely isotrop-
ic.
A proton hyperfine interaction

of 20 MHz translates to a value
of about 3 MHz for deuterium
(gH/gD�6.5). Indeed, in combina-

tion with the 2H nuclear Zeeman frequency (2.1 MHz), an
ENDOR signal is expected for D-Az at about 3.6 MHz, as seen
in Figure 4B (the corresponding signal below the nuclear
Zeeman frequency ends up very close to zero). As mentioned
in the Experimental Section, isotopic substitution is not com-
plete, and hence a residual proton ENDOR signal is seen at
25 MHz in Figure 4B. The narrow 2H ENDOR signal reveals a
shoulder, which reflects the contribution of two deuterium
nuclei and appears more clearly in Figure 4C. For deuterium
(I=1), besides the anisotropic hyperfine interaction also the
nuclear-quadrupole interaction contributes to the linewidth.
From the comparison of the widths of the 1H ENDOR lines
(2.5 MHz, corresponding to � 400 kHz for 2H) and the 2H
ENDOR lines (600 kHz), we estimate the nuclear-quadrupole in-
teraction to be at most 200 kHz.
The analysis of the X-band ENDOR data reveals that the hy-

perfine interaction and the nuclear-quadrupole interaction are
smaller than the 2H nuclear Zeeman frequency at W-band
(19.6 MHz at 3 T). As a result, the 2H ENDOR spectra of the
single crystal of D-Az at W-band show signals symmetrically
displaced around the nuclear Zeeman frequency (Figure 2),
which means that we can restrict our analysis to the part of
the ENDOR spectrum at and below (or above) the Zeeman fre-
quency. Four transitions are expected to contribute to this part
of the spectrum, two for each nucleus corresponding to the
nuclear-spin transitions in one electron-spin manifold split by
the nuclear-quadrupole interaction (Figure 5). To calculate the
frequency of these transitions we must consider the spin Ham-
iltonian. At the microwave frequency of 95 GHz, mixing of the
electron-spin levels can clearly be neglected and the spin Ham-
iltonian can be written as the sum of an electronic and a nu-
clear part. The nuclear-spin Hamiltonian for each deuterium
[see Eq. (2)] includes the nuclear-Zeeman, hyperfine, and nucle-
ar-quadrupole interactions:
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Figure 3. The 2H Mims-ENDOR spectra at 95 GHz of the D-Az single crystal for various orientations of~B0 in the
three principal planes of the g-tensor of one of the molecules in the unit cell. The yz principal plane is shown in
A), the xz principal plane in B), and the xy principal plane in C). For each orientation the part of the ENDOR spec-
trum below the Zeeman frequency is shown. Only parts of the orientations for which spectra have been measured
are shown.
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Figure 4. Davies ENDOR spectra at 9 GHz and B0=0.32 T of frozen solutions
of A) azurin, B) D-Az, and C) D-Az, acquired with a higher rf resolution. In
spectrum (A) the asterisk indicates an artifact of the spectrometer.

1288 www.chemphyschem.org E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemPhysChem 2006, 7, 1286 – 1293

E. J. J. Groenen et al.

 14397641, 2006, 6, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cphc.200500551 by U
niversity O

f L
eiden, W

iley O
nline L

ibrary on [19/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

www.chemphyschem.org


Hn ¼ �gð2HÞbn~I �~B0 þMS

1
g
~l � g � A �~I þ~I � Q �~I ð2Þ

where g(2H) is the nuclear g-factor of deuterium, bn is the nu-
clear Bohr magneton,~I is the nuclear-spin angular-momentum
operator, MS is the expectation value of the electron-spin angu-
lar-momentum operator (� 1=2), g is the g-tensor,~l is the unit
vector which defines the orientation of ~B0 in the g-tensor prin-
cipal axes system, g is equal to (~l·g·g·~l)1/2, A is the hyperfine
tensor, and Q is the nuclear-quadrupole tensor.

For each orientation of the magnetic field with respect to
the crystal of D-Az, one broad ENDOR signal is observed below
the 2H Zeeman frequency (Figure 3), the linewidth of which
varies from 350 to 550 kHz. To analyze the orientation depend-
ence of the ENDOR signals in terms of hyperfine and nuclear-
quadrupole tensors, the ENDOR frequencies for the two deute-
rium nuclei must be extracted from the broad ENDOR signal
observed at each field orientation. To do so, we modeled the
ENDOR signal as the sum of four Gaussians (Figure 6). For each
nucleus, two Gaussians of equal intensity and width were
taken centered at frequencies nq� and nq+ positioned symmet-
rically around nZh, which corresponds to the frequency in the
absence of the quadrupole interaction (Figure 6). To calculate
the quadrupole shift (nqþ � nZh) for both nuclei for each orien-
tation of the magnetic field we needed only one parameter,
say Qz0z0. This results from the fact that we took the quadrupole
interaction to be equal for both deuterium nuclei and that the
electric-field gradient at the deuterium nuclei is determined by
the symmetry of the chemical bond and, consequently, axially
symmetric with respect to the main principal axis z’, which is
along the direction of the respective C�D bonds. We fixed
these directions on the basis of the X-ray structure (see Experi-
mental Section). For each orientation of the magnetic field and
for each deuterium nucleus, we calculated nq� by applying
first-order perturbation theory to the eigenstates of the nucle-
ar Zeeman interaction. Besides the intensity and the width of
the Gaussians and the Qz0z0 parameter, two more parameters
nZh for both deuterium nuclei, show up in the fit of the ENDOR
signal for each orientation of the magnetic field. The best fits
were obtained for Qz0z0 jj =107�20 kHz and Qx0x0 jj = Qy0y0

���� =

53.5�10 kHz. The integrated intensities of the 2Ha and
2Hb sig-

nals are different, and the ratio of these intensities varies with
the orientation of the magnetic field, which are observations
that are not understood. For each orientation we obtained
from the fit the frequencies nZh for both deuterium nuclei.
These frequencies, corrected for the Zeeman contribution, are
represented in Figure 7. Because of the distinct orientations of
the quadrupole z’ axes of both deuterium nuclei, the assign-
ment of the nZh values to the respective nuclei is unambiguous
for many orientations of the magnetic field. For some orienta-
tions, particularly in the yz plane, a good fit was also obtained
on interchanging the assignment of nZh to the two deuterium
nuclei. This ambiguity is resolved in the next step of the data
analysis, in which the hyperfine tensors are determined. The
frequencies nZh of each nucleus as a function of the orientation
of the magnetic field were fitted against the first two terms of
the nuclear-spin Hamiltonian in Equation (2). Comparison of
the quality of the fits for the different combinations of nZh in
the three principal planes indicated the proper assignment. At
the same time, from the best fit for each nucleus, the hyper-
fine tensors of the two deuterium nuclei were obtained
(Table 1). The results of the fits are shown in Figure 7. The ab-
solute value of the isotropic hyperfine interaction is 3.2 MHz
for both deuterium nuclei.

nZhnZ
nq+

M IMS

Figure 5. Energy-level scheme for a system with S= 1=2 and I=1, and Aiso>0.
The frequencies nZ, nZh, and nq+ are indicated.
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Figure 6. Illustration of the decomposition of a 2H ENDOR spectrum at
95 GHz of the D-Az single crystal. c : experimental spectrum acquired
with ~B0 in xy principal plane of the g-tensor, making an angle of 1458 with
respect to the gx axis. Pairs of Gaussian lines are symmetrically displaced
with respect to nZh and centered around nq� and nq+ : g for 2Ha, a for
2Hb. For this orientation the absolute value of the quadrupole splitting of

2Ha
is larger than that of 2Hb. Position, intensity, and width of the lines were de-
termined from a fit to the experimental spectrum. d : sum of the four
Gaussian lines.
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Discussion

From the pulsed ENDOR study at 95 GHz of single crystals of
D-Az the complete hyperfine tensors of the deuterium atoms
bound to the Cb atom of Cys112 (Cys-bDs) have been ob-
tained. The analysis of the ENDOR bands was complicated by
the unresolved quadrupole interaction and by the fact that the

hyperfine interaction of both deuterium nuclei is largely iso-
tropic and of similar magnitude. From a Gaussian deconvolu-
tion of the ENDOR bands based on the plausible assumption
that the nuclear-quadrupole tensors are axial with their main
axis along the respective carbon–deuterium bonds (the direc-
tion of which was constructed from the azurin structure as de-
termined from X-ray diffraction data), quadrupole principal
values of �107, �

53.5, and

�

53.5 kHz were found. These
values are in line with literature data for deuterium in carbon–
deuterium bonds (accidentally equivalent to those reported for
deuterated pyridine).[15] This observation supports the decon-
volution procedure, and thereby the derived hyperfine tensors.
For the Cys-bDs an isotropic hyperfine interaction Aiso of

3.2 MHz has been obtained. In terms of hydrogen, which facili-
tates comparison with the literature, this value corresponds to
20.8 MHz. This Cys-bH isotropic hyperfine interaction yields an
estimate of 1.5% for the spin density on each hydrogen atom
(unit spin density in a hydrogen 1s orbital corresponds to an
Aiso of 1420 MHz). The isotropic hyperfine interaction of both
hydrogen atoms is the same within experimental uncertainty
(�0.2 MHz). From their 1H NMR study at 800 MHz on azurin,[12]

Bertini et al. obtained Aiso values of 27 and 28 MHz for the Cys-
bHs, indeed about the same but 30% higher than our result.
These values were derived from an extremely broad NMR line
(1400 ppm FWHM), which was constructed from saturation-
transfer experiments on a 50/50 mixture of oxidized and re-
duced protein. In a 95 GHz ENDOR spectrum at gy of a frozen
solution of wild-type azurin, Epel et al.[14] observed an unre-
solved proton ENDOR line corresponding to a hyperfine cou-
pling of 22.2 MHz for the Cys-bHs, which is about 10% larger
than our average coupling at gy. In a 35 GHz ENDOR spectrum
at gz of a frozen solution of wild-type azurin, Werst et al.

[11] ob-
served a proton ENDOR line shifted by 10.3 MHz with respect
to the proton Zeeman frequency. This line had a width of
5 MHz, probably determined by strain-induced inhomogeneity,
and showed a slight structure on reduction of the amplitude
of the field modulation. The authors concluded that the line
reflects contributions of the two Cys-bHs, to which they as-
signed isotropic hyperfine couplings of 18 and 23 MHz. Such a
difference is not compatible with the width of the ENDOR lines
in the present study, and our analysis even reveals the near
equivalence of both proton hyperfine interactions. Our value
of 20.8 MHz is consistent with the ENDOR shift corresponding
to the maximum of the line observed in the spectrum at
35 GHz.
The magnitude of Aiso [see Eq. (3)] is related to the spin den-

sity 1S on sulfur and the dihedral angle q between the p orbi-
tal on S and the Cb�2H bond:[14]

Aiso ¼ cos2qþ C
B

� �
B1S ð3Þ

where B is the contribution to Aiso from hyperconjugation and
C accounts for the contribution from other mechanisms such
as spin polarization. In the literature, values of these constants
for protons bound to Cb have been reported, for B in the
range of 80 to 100 MHz [16] and for C/B in the range of 0 to
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Figure 7. Orientation dependence of the frequencies nZh (corrected for the
nuclear Zeeman interaction) for the two deuterium atoms (&= 2Ha, *=

2Hb)
in the three principal planes. Solid and dashed lines: fits against the first
two terms of Equation (2).
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0.2.[11] The angle q depends on the choice of the orientation of
the p orbital that we use to model the spin density on sulfur. If
we take this p orbital as py (in the reference frame X, Y, Z
where Cu is at the origin, the sulfur atom of the cysteine resi-
due on the negative X axis, and the copper-coordinating nitro-
gen atoms equidistant to the XY plane with Z<0) and com-
bine its direction with the direction of the constructed Cb�2H
bonds, the angle q becomes 40o and 1598 (218) for the respec-
tive deuterium atoms. The experimental value of Aiso is the
same for both deuterium atoms, so, assuming that Equation (3)
applies, the q values should be the same. The difference prob-
ably derives from the simplicity of the model of the spin densi-
ty on sulfur and the fact that Equation (3) is only approximate-
ly valid for the present configuration. From q=30o and taking
into account the uncertainty in the parameters B and C, we es-
timate 1S to be 30�10%.
The anisotropy of the hyperfine interaction of the Cys-bDs

amounts to at most 15%. Although small, the analysis of the
anisotropic hyperfine tensor of each deuterium atom is of im-
portance because it will provide insight into the electron-spin
density distribution over copper and the cysteine ligand. The
anisotropic hyperfine interaction is proportional to the spin
density and inversely proportional to the third power of the
distance between electron-spin density and nucleus. The analy-
sis is difficult because even in the simplest model we have to
consider contributions to the dipolar interaction of electron-
spin density on four nuclei : Sg and Cb of Cys112, Cu, and the
other 2H. The contributions of the spin density on these four
nuclei are of the same order of magnitude: the Cb and the
other 2H carry little spin density but are close, while Sg and the
Cu are further away but carry much more spin density. The
contribution of the spin density on the two copper-coordinat-
ing nitrogen atoms (4.9 and 9.4% [5]) to the deuterium hyper-
fine interaction can be neglected because it is estimated to be
smaller than 10 kHz as a result of the large distance (ca. 4.7 D)
to the deuterium atoms. A preliminary analysis [17] of the aniso-
tropic hyperfine tensor of 2Ha (Table 1) taking into account the
contributions of spin density in atomic orbitals centered on
the four nuclei and spin densities of 30% on Sg and 1.5% on
2H indicates a spin density of about 45% on Cu. Summing up
the spin densities on Cu, Sg, and Nd we then find about 0.9,
that is, close to 1, which may provide confidence in the de-

rived values of the spin densi-
ties. However, caution is needed
because a similar analysis based
on the tensor of 2Hb failed, possi-
bly because of the relatively
large uncertainty in the elements
of this tensor.
The present description of the

hyperfine tensors of the Cys-bDs
based on the simplest atomic-or-
bital spin model results in an es-
timate of the electron-spin den-
sity of 45 and 30% on the
copper and cysteine sulfur
atoms, respectively. Previously, a

similarly simple analysis of the hyperfine tensors of the remote
nitrogen atoms of the histidine residues indicated that about
15% spin density involves orbitals centered on the coordinat-
ing nitrogen atoms while virtually all other spin density is
around copper and sulfur in the ratio 3:2.[5] Both studies thus
yield qualitatively consistent results. On the other hand, an ab
initio quantum-chemical study on a truncated model of the
copper site of oxidized azurin resulted in a wavefunction of
the unpaired electron that reproduced the g-tensor experimen-
tally observed for azurin, and corresponds to respective Mullik-
en spin densities of 35 and 59% on the copper and cysteine
sulfur atoms.[7] In other words, the calculated spin-density dis-
tribution deviates considerably from the experimental one,
whereas the deviation of the gz value from the free-electron g
value, which is largely determined by the spin density on the
heavy atoms copper and sulfur, is reproduced. We conclude
that, although an impressive set of magnetic tensors is availa-
ble from EPR/ENDOR studies, still more experimental and theo-
retical work is needed to arrive at a consistent picture of the
spin-density distribution in the copper site.

Conclusions

A 95 GHz pulsed 2H ENDOR study has been performed on
single crystals of azurin deuterated at the Cb position of the
copper-coordinating cysteine 112. From the preliminary analy-
sis of the ENDOR spectra we derived that about 45% of the
spin density in the paramagnetic site may be attributed to
copper-centered orbitals and 30% to sulfur-centered orbitals.
The analysis was hampered by the fact that the ENDOR lines
showed little structure and contain unresolved quadrupole
broadening. In addition, the contributions of the two Cys-bDs
were difficult to distinguish because of the largely isotropic
nature of the hyperfine interactions and the equivalence of
their isotropic hyperfine interactions. To improve the accuracy
of the anisotropic hyperfine tensors of the Cys-bHs, we plan to
study the 1H ENDOR spectra of a single crystal of wild-type
azurin in the near future. Combination of these data with the
present results will enable us to separate hyperfine and quad-
rupole contributions experimentally, to determine the direction
of the cysteine Cb�H bonds (instead of constructing those on

Table 1. Hyperfine tensors of the two deuterium nuclei as obtained from the fit of the nZh of each nucleus
against the first two terms of the nuclear-spin Hamiltonian in Equation (2). The anisotropic hyperfine tensors
are represented in the g-tensor reference frame (x, y, z). The values in parentheses indicate the asymptotic
standard deviation of each element. The principal axes system of the hyperfine tensors is indicated by (x’’, y’’,
z“). We have taken Aiso to be positive.

Aiso/h [MHz] Ax’’x’’/h [MHz] Ay“y”/h [MHz] Az“z”/h [MHz] Aaniso/h [MHz]

2Ha 3.2 0.35 �0.01 �0.34 0.00 (0.04) �0.23 (0.02) �0.17 (0.05)
�0.23 (0.02) �0.18 (0.04) 0.08 (0.03)
�0.17 (0.05) 0.08 (0.03) 0.18 (0.04)

2Hb 3.2 0.31 0.13 �0.44 �0.19 (0.09) 0.29 (0.06) �0.07 (0.09)
0.29 (0.06) �0.11 (0.08) 0.01 (0.04)

�0.07 (0.09) 0.01 (0.04) 0.30 (0.08)
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the basis of the X-ray structure), and in this way improve the
accuracy of the anisotropic hyperfine tensors of the Cys-bHs.
For azurin, whose copper site is closest to a model blue-

copper site, an impressive EPR data set is now available, which
consists of the full g-tensor, partial knowledge of the copper
hyperfine tensors, and full hyperfine tensors of the coordinat-
ing and remote nitrogen atoms of copper-coordinating histi-
dines 117 and 46 and of the Cys-bHs. The challenge for quan-
tum chemistry is to come up with a wavefunction of the un-
paired electron that provides a consistent description of all
these data. If such a wavefunction were available, a quantita-
tive treatment of electron transfer would be within reach.

Experimental Section

The ENDOR experiments were performed at 1.2 K using a home-
built 95 GHz pulsed EPR spectrometer [18] with a microwave bridge
manufactured by the Department of Microwave Equipment for Mil-
limeter Waveband ESR Spectroscopy in Donetsk, Ukraine. A Mims
type of pulse sequence was applied. The three microwave pulses
had a width of 90 ns each. The separation between the first and
second microwave pulse was typically 200 ns, and that between
the second and third pulse 100 ms. The width of the radiofrequen-
cy (rf) pulse, which is applied between the last two microwave
pulses, was 96 ms. The repetition rate was 2 Hz. The acquisition of
an ENDOR spectrum took 10–15 min.
The orientation in the laboratory frame of the g-tensor principal
axes (x, y, z) systems of the molecules in the unit cell of the D-Az
crystals was determined from an EPR study on the single crystal.
Subsequently, the ENDOR experiments were performed on the
same crystal for various orientations of the magnetic field with re-
spect to the g-tensor frame of one molecule in the unit cell. In
order to analyze and discuss the ENDOR data in the molecular
frame, we need to know the orientation of the g-tensor axes
system in the copper site. Here we made the plausible assumption
that this orientation is the same for D-Az as for undeuterated
azurin from Pseudomonas aeruginosa. For undeuterated azurin, the
orientation of the principal g axes in the copper site was deter-
mined previously from an ESE-detected EPR study on a single crys-
tal of azurin[13] and coupling of these EPR data with the protein
structure as determined by X-ray diffraction[19] (PDB code: 4Azu).
Consequently, directions defined relative to the laboratory frame
can be translated into directions defined in the copper site and
vice versa. For the analysis of the ENDOR measurement we make
use of the position of the Cys-bHs (Ds) of the copper-bound cys-
teine. These positions were calculated by using the X-ray data and
the program BABEL 1.6. We also measured the ENDOR spectra of
the histidine remote nitrogen atoms for the present crystal for sev-
eral orientations of the magnetic field in order to achieve consis-
tency in the definition of the direction of the g axes with respect
to previous experiments on azurin.[5]

Protein concentration in the solutions used for the 9 GHz ENDOR
measurements was 1 mm. The pulsed ENDOR measurements on
the frozen solution were performed on a 9 GHz ELEXSYS E 680
spectrometer (Bruker, Rheinstetten, Germany). The measurements
were performed at 6 K. A Davies type of pulse sequence was ap-
plied. The three microwave pulses had widths of respectively 200,
100, and 200 ns. The separation between the first and second mi-
crowave pulse was 8.8 ms, and that between the second and third
pulses 248 ns. The width of the radiofrequency pulse, which is ap-
plied between the first two microwave pulses, was 6.2 ms. The rep-

etition rate was 43 Hz. The acquisition time for a spectrum from
1.5 to 31.5 MHz was 140 min.
The D-Az protein was obtained as previously described[20] except
that plasmid pGK22 was used and cells were grown overnight and
diluted (1/100) in LB medium (5 L) supplemented with ampicillin
(100 mgml�1) and l-cysteine-3,3-d2 (0.01%, Cambridge Isotope Lab-
oratories, Inc. cat. no. DLM-769). At the end of the exponential
growth, cells were harvested by centrifugation and azurin was iso-
lated as described previously.[21] Mass spectrometry showed that
the degree of deuteration was 70%.
Crystals were obtained under the following conditions: protein sol-
ution (2 mL, 15 mgmL�1, 10 mm Hepes pH 7) were mixed with
mother liquor (2 mL) containing ammonium sulfate (3.4m), lithium
nitrate (0.5m), and sodium acetate (50 mm), pH 5.5, to form a sit-
ting drop which was allowed to equilibrate with mother liquor
(1 mL).
The space group of the D-Az crystal is P212121. The unit cell dimen-
sions are 47.5, 97.7, and 107.9 D, similar to those of the 15N-labeled
azurin crystals studied previously.[5] The unit cell contains four
asymmetric units with four molecules per asymmetric unit. The
size of the crystal used in the EPR/ENDOR study was 0.3R0.3R
0.1 mm. The single crystal was mounted in a quartz tube with
inner and outer diameters of 0.6 and 0.84 mm, respectively. The
tube ends were sealed by wax.
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