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ABSTRACT: A comparison of electron spin-echo envelope modulation (ESEEM) spectra from multi-
crystalline Cu2+-insulin with and without additional Cd2+ show a dramatic change in the quadrupole
coupling parameters of the remote nitrogens of the two histidine imidazoles that ligate to copper. Without
Cd2+, the quadrupole parameters are like those observed in blue copper proteins and in copper substituted
lactoferrin. With Cd2+ soaked into the Cu2+-insulin crystals, the quadrupole parameters are similar to
those found in galactose oxidase. Theoretical simulations of ESEEM spectra guided by structure modeling
suggest that these changes originate from differences in the hydrogen bonding environments of the imidazole
remote nitrogen. In addition, a compilation of results from previous ESEEM studies of copper proteins
reveals that the asymmetry parameter,η, may be an indicator of type of hydrogen bond the imidazole
remote nitrogen makes. Whenη g 0.9, the nitrogen hydrogen bonds to water, whereas whenη < 0.9, the
nitrogen hydrogen bonds to the protein.

Since first utilized in investigations of proteins possessing
a paramagnetic metal ion, ESEEM1 has been a powerful and
useful probe of the electronic environment of distant nuclei,
based on the examination of nuclear quadrupole and hyper-
fine coupling parameters (1). For14N nuclei weakly coupled
to Cu2+, as found in the remote14N of ligated imidazole,
the quadrupole parameters e2qQ/h andη are readily obtained
as they fulfill the experimental requirement for observing a
strong ESEEM effect known as “exact cancellation” (2, 3).
This is where the hyperfine coupling equals twice the nuclear
Larmor frequency, resulting in the approximate nuclear
quadrupole resonant condition in one of the electron spin
manifolds and in the ESEEM spectrum (2, 3). The nuclear
quadrupole interaction is of particular interest because it gives
information about the electric field gradient at the nucleus,
and is therefore a probe of the surrounding electronic charge
distribution. Other spectral parameters are the isotropic and

anisotropic components of the hyperfine tensor and the
orientation of the principal axes for these tensors. These
describe the interaction between electron and nuclear spins
and provides a measure of the extent of electron spin
delocalization. In addition, combinations of modulation
frequencies become apparent in the ESEEM decay patterns
when more than one nuclear coupling exists (4-7). A careful
analysis of the ESEEM spectra obtained by Fourier trans-
formation of the electron spin-echo decay envelopes has
therefore given both quantitative and qualitative measures
of the interactions of imidazole remote nitrogens in many
copper-containing model systems and metalloproteins (8).

Both natural and artificial copper proteins have been
studied over the years by ESEEM and other related tech-
niques. The results obtained have been used to formulate a
hypothesis concerning the magnitude of the quadrupole
coupling interaction for the remote14N of coordinated
histidine imidazole. That is, variations in the nqi parameters
for the remote nitrogen in copper proteins are attributable
to differences in hydrogen-bonding interactions (9-11).

For type 1 copper sites, as found in all blue copper
proteins, there is always a remote nitrogen atom of one of
the two imidazole ligands to the metal ion that is hydrogen-
bonded to a carbonyl oxygen from the backbone or a side
chain, based on X-ray crystallography (12-21). The second
coordinating histidine imidazole has been found, in some
cases, to have its remote14N hydrogen-bonded to a structured
water molecule. However, this water has not always been
detected, and here, no other hydrogen-bond interaction is
evident. An exception appears in cucumber stellacyanin,
where both coordinating imidazoles have their remote
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nitrogens hydrogen-bonded to water molecules (22). Interest
in the solvent-exposed coordinated histidine imidazole comes
from propositions on the mechanisms of action of the copper
proteins, azurin and ascorbate oxidase. For example, results
derived from the crystal structures of His35Gln and His35Leu
azurin mutants prompted Nar et al. (23) to suggest that it is
the solvent-exposed imidazole and the water molecule
specifically hydrogen-bonded to the remote nitrogen of this
imidazole that are the conduit for electron transfer between
the copper site and the protein’s natural redox partners.

To more fully examine the relationship between the
hydrogen-bonding interaction of the remote nitrogen of
histidine imidazole and the quadrupole coupling parameters,
with special interest in systems where the remote imidazole
nitrogen is hydrogen-bonded to water, the present ESEEM
investigation of multicrystals of Cu2+-substituted porcine
Zn2+-insulin was initiated.

Insulin is a small (51amino acid) hormone important for
regulating the cellular uptake of glucose and which, over
longer time periods, is necessary for normal cell growth and
proliferation (24). This protein readily crystallizes in the
presence of divalent ions (25, 26), such as Zn2+, Cd2+, Co2+,
Ni2+, Cu2+, Mn2+, or Fe2+. Zinc-insulin (referred to as 2Zn-
insulin) crystals have rhombohedral space groupR3, with
two zinc ions and six monomers per unit cell (27, 28). The
crystal symmetry requires that this hexamer be organized as
three equivalent dimers related to each other by a 3-fold
rotation. The dimer constitutes the asymmetric unit. Perpen-
dicular to the 3-fold axis, there is a noncrystallographic 2-fold
axis of symmetry that relates the two monomers of the dimer,
and also two dimers of the hexamer (28). The two zinc atoms
are≈16 Å apart and situated on the 3-fold crystal axis. These
have slightly different environments, due to the slightly
different monomer conformations in the dimer. The coor-
dination of each zinc ion consists of three histidine (His B10
or His D10) imidazole nitrogens (Nε) and three waters (OW).
At the center of the 2Zn-insulin hexamer, six glutamate (Glu
B13) side chains and water molecules cluster together. A
network of hydrogen bonds links these Glu side chains with
each other and with the imidazole of metal-coordinated His
B10 (or His D10) via ordered water molecules. The (His
B10, His D10)Nδ‚‚‚ OW‚‚‚ (Glu B13)Oε hydrogen-bond
distances are≈3 Å and≈2.7 Å, respectively (28).

Single crystals of porcine 2Cu-insulin has been the focus
of a previous EPR study by Brill and Venable (29, 30), who
were able to determine theg and copper hyperfine tensors
for two closely similar copper sites, A and B. In their
pioneering study, these authors also performed X-ray preces-
sion experiments on 2Zn-insulin as well as 2Cu-insulin (29).
Conclusions drawn from their work were the following; (1)
the crystal structure of the copper and zinc insulins is
essentially the same, (2) there are two distinct, but similar,
metal binding sites per hexamer, (3) the metal is bound on
the trigonal axis, (4) the EPR rotational pattern and tensor
parameters show two sets of three copper absorptions, each
related by the 3-fold crystal axis, and therefore one set for
each metal site, (5) the EPR results indicate that each copper
is bound on a statistical trigonal axis due to Jahn-Teller
distortions, and (6) the copper is six-coordinate possessing
two histidine imidazole nitrogens and two water molecules
in a very approximate equatorial plane, with a third histidine
imidazole nitrogen and water bound axially at a further

distance. These conclusions were either confirmed or found
to be consistent with the accurate 2Zn-insulin structure that
was later reported (28).

In the present study, small crystals of Cu2+-insulin were
grown and multicrystalline samples were studied by EPR
and pulsed-EPR spectroscopies. The EPR spectrum for Cu2+-
insulin was changed when Cd2+ was allowed to soak into
the crystals. Previous crystallographic studies on Cd2+-insulin
revealed that, in addition to the cadmium substituting for
the two zinc atoms, another cadmium binds to two glutamate
(Glu B13) side chains that occur at the hexamer interface
(31). The presence of this cadmium was reported to only
cause a local disturbance of the Glu B13 residue conforma-
tions, as the remaining insulin structure was found to be
identical to that in 2Zn-insulin. On the other hand, EPR and
three-pulse ESEEM spectra of Cu2+-insulin exhibit a sig-
nificant change upon Cd2+ binding. Analysis of these results
indicate a slight rearrangement of the copper site as well as
a change in the nqi parameters of the imidazole remote
nitrogens. These changes are attributed to a specific alteration
in the insulin structure causing the copper site geometry to
flatten slightly and the imidazole remote nitrogens to have
different hydrogen-bonding interactions.

EXPERIMENTAL PROCEDURES

Porcine insulin was either purchased from Sigma or was
generously donated by Eli Lilly Co. Crystals of 2Cu-insulin
were grown by reported methods for the crystal growth of
2Zn-insulin (28), only replacing zinc sulfate with cupric
sulfate. Crystals were grown by dissolving 50 mg of insulin
in 5 mL of 0.2 M HCl and then adding in order 0.5 mL of
0.12 M copper sulfate, 2.5 mL of 0.2 M trisodium citrate,
1.5 mL of acetone, and 1.5 mL of water. The final solution
pH was 6.2. Small, well formed crystals developed in filtered
solutions after 1-5 days and had morphologies consistent
with those of 2Zn-insulin (26). Samples consisting of a slurry
of well-defined crystals of varying size (up to≈0.1 mm)
were placed in EPR tubes. After the crystals were allowed
to settle, the mother liquors were pipetted out and 0.12 M
sodium citrate was added several times to wash the crystals.
For the Cd2+ binding studies, a modification of a procedure
reported by Hill et al. (31) was used. Here, multicrystal Cu2+-
insulin samples were allowed to soak in 0.5 mL of 2-5 mM
cadmium acetate for 10-12 h and then washed with 0.12
M sodium citrate. Samples were frozen in liquid N2 (77 K).

EPR measurements were performed at 77 K employing a
Varian E-112 X-band spectrometer. Three-pulse ESEEM
decay envelopes were obtained at 4.2 K with a home-built
X-band pulsed-EPR spectrometer, cavity and resonator,
whose designs and operation have been described in previous
work (7, 32). Postprocessing of the echo decay envelopes
including fast Fourier transformation was performed with
software previously described (32, 33). EPR simulations were
performed with a version of the Program QPOW (34)
modified by Cornelius et al. (33). ESEEM simulations were
obtained using the program NANGSEL (33), which was
based on modulation functions developed by Mims (4, 35).
The NANGSEL version employed was modified to run on
a SGI Indigo2 workstation by Krystek (36). Protein structural
modeling was accomplished by use of either home-written
software or the program O (37). The 2Zn-insulin atomic
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coordinates used in these calculations were those determined
from a joint X-ray and neutron diffraction study (38) and
obtained from a released entry (pdb3ins.ent) of the Protein
Data Bank.

RESULTS

The EPR spectrum obtained for multicrystalline Cu2+-
insulin is shown in Figure 1A. Measured parameters areg3

) 2.305,A3
Cu ) 158 × 10-4 cm-1, g1 ≈ g2 ) 2.07, and

A1
Cu ≈ A2

Cu ) 0 cm-1 and are employed in a simulation

depicted in Figure 1B. The spectrum is consistent with single-
crystal parameters for 2Cu-insulin reported by Brill and
Venable (29, 30) (site I,g3 ) 2.303,g2 ) 2.1,g1 ) 2.0, and
A3

Cu ) 157× 10-4 cm-1; site II, g3 ) 2.304,g2 ) 2.10,g1

) 2.00, andA3
Cu ) 159 × 10-4 cm-1) and also match the

polycrystalline 2Cu-insulin EPR spectrum (g| ) 2.308,A|
Cu

) 162× 10-4 cm-1, g⊥ ) 2.07, andA⊥
Cu ) 0 cm-1) reported

by Chasteen et al. (39).
At the time of Brill and Venable’s single-crystal studies,

the detailed structure of 2Zn-insulin was unknown and
therefore no correlations could be made between the tensor
principal directions and the zinc-substituted copper sites. It
was necessary for the present analysis that such correlations
be determined. The choice among various possibilities that
relate theg-tensor to metal site geometry was made on the
basis of the criterion that a minimum deviation be found
between theg| principal direction and the normal to the best
plane defined by the four approximate equatorial ligands.
Such a criterion has been previously studied in light of both
experimental and theoretical considerations (40, 41) and has
been found to be approximately valid even in systems that
possess severe tetrahedral distortions (41). For 2Cu-insulin,
the four equatorial ligands (Figure 2) correspond to the pair
of Nε(His B10) and O(water 61), and another pair of Nε-
(His B10′) and O(water 61′) related to the first by the 3-fold
rotation axis for site A; and the pair of Nε(His D10) and
O(water 272), and another pair of Nε(His D10′) and O(water
272′) related to the first by the 3-fold axis for site B. The
best alignment of experimentalg3 directions derived from
Brill and Venable (29) and the normal directions to the four
roughly equatorial ligands were found to have angular
deviations of≈15° and ≈7° for copper sites A and B,
respectively. In these correlations, the g3 directions were also
found to make angles of 2° and 15° with the axial Zn-Nε-
(His B10′′) and Zn-O(water 61′′) directions, respectively,
for site A and angles of 10° and 12° with the axial Zn-Nε-
(His D10′′) and Zn-O(water 272′′) directions, respectively,
for site B. In addition, for site A, theg1 direction deviates
from Cu-Nε(HisB10) by 22° and theg2 direction deviates
by 9° from Cu-Nε(HisB10′) and for site B, theg1 direction
deviates from Cu-Nε(HisD10) by 26° and theg2 direction
deviates by 40° from Cu-Nε(HisD10′). The relationship
betweeng-tensors and copper (zinc) site geometries is shown
in Figure 2.

The EPR spectrum of multicrystalline Cu2+-insulin soaked
in Cd2+ solution is depicted in Figure 1C. An EPR simulation

FIGURE 1: (A) X-band (9.2724 GHz) EPR spectrum of multicrys-
talline Cu2+-insulin. Spectrum B is a simulation using the following
parameters:g3 ) 2.305,A3

Cu ) 158× 10-4 cm-1, g1 ) g2 ) 2.07,
A1

Cu ) A2
Cu ) 0 cm-1, and a spectral line width of≈20 G. (C)

X-band (9.2589 Ghz) EPR spectrum of multicrystalline Cu2+-insulin
with added Cd2+. Spectrum D is a simulation using the following
parameters:g3 ) 2.255,A3

Cu ) 178× 10-4 cm-1, g1 ) g2 ) 2.07,
A1

Cu ) A2
Cu ) 0 cm-1, and a spectral line width of 20 G. The

ESEEM experiments were carried out at a resonant field close to
the g2 region of the EPR spectrum, as this is where the electron
spin-echo was at maximum intensity.

FIGURE 2: Schematic showing the two copper sites in Cu2+-insulin
and the relative orientations of theg-tensor directions with the ligand
coordination.
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using parametersg3 ) 2.255,A3
Cu ) 178 × 10-4 cm-1, g2

) 2.07,g1 ) 2.04, andA1
Cu ) A2

Cu ) 0 cm-1 is displayed
in Figure 1D. As compared to the spectra in Figure 1, the
addition of Cd2+ causesg3 to decrease from 2.305 to 2.255
andA3

Cu to increase from 158× 10-4 to 178× 10-4 cm-1.
Also, the EPR signal intensity decreases to about 20% of its
original value in Cu2+-insulin. This is presumably because
a significant amount of bound Cu2+ is replaced by Cd2+,
which is at a higher concentration. The observation ofg and
ACu shift is reversible. The original Cu2+-insulin EPR signal
is returned by allowing the Cd2+-bound crystals to soak in a
0.12 M copper sulfate solution for a comparable time.

For Cu2+ complexes, ag| decrease concomitant with an
A|

Cu increase is suggestive of a flattening of the coordination
geometry toward a more planar arrangement, assuming
identical ligand composition (42, 43). By use of results from
Figures 1 and 3, a qualitative assessment of the amount of
flattening may be made. Yokoi and Addison (42, Figure 6)
plotted the dependence ofg| onω, the angle between chelate
planes in a series of pyrrole-2-carboxaldehyde Schiff base
copper complexes. If the copper exactly replaces zinc in the
2Zn-insulin structure, the angles between the ligand planes,
(His)Nε-Cu-O(water) and (His)Nε-Cu-O(water), are
calculated to be 60° and 68° for the A and B sites,
respectively. Taken together with theg3 values for Cu2+-
insulin, these parameters are found to nearly fit theg| versus
ω curve of Yokoi and Addison (42). The g3 value for Cu2+-
insulin with added Cd2+ then predicts that the copper

coordination becomes more planar, or flatter, by≈15° as
compared to that found in the absence of Cd2+.

The three-pulse ESE envelope modulation obtained for
multicrystalline Cu2+-insulin has characteristics typical for
copper-imidazole complexes in proteins and small mol-
ecules (2). At X-band, the FT-ESEEM spectrum (Figure 3A)
primarily consists of three lines from one electron spin
manifold, two of which overlap near 0.75 MHz and a third,
which is the sum of the lower two, near 1.5 MHz, and one
broad line at 3.7 MHz arising from the other manifold. In
addition, lines of low amplitude near 2.3 MHz are combina-
tion frequencies that arise from coupling of more than one
nucleus (32, 7). A theoretical simulation of this spectrum is
also shown in Figure 3B.

For Cu2+-insulin, as found in many other copper proteins
and copper-histidine model systems, the overlap of the two
low-frequency lines (near 0.75 MHz in Figure 3A) signifies
that the nqi asymmetry parameter,η, has a value near 0.9
(8, 10). The magnitudes of these three low frequencies,
assuming the condition of “exact cancellation”, are given
by (2, 10, 44)

The broad line arising from the other spin manifold, at a
frequency of 3.7 MHz, is largely dependent on the14N

FIGURE 3: (A) FT-ESEEM spectrum of multicrystalline Cu2+-insulin. The three-pulse experiment was carried out nearg ) 2.07 at a
microwave frequency) 8.660 GHz, a field strengthH ) 3005 G, and an interpulse time,τ ) 200 ns. Trace B is a composite simulation
for the two copper sites, employing the following parameters for both sites: e2qQ/h ) -1.54 MHz,η ) 0.90, andaiso ) 1.33 MHz. The
remaining hyperfine and quadrupole tensor parameters and alignments were assigned as discussed in the text. (C) ESEEM spectrum of
multicrystalline Cu2+-insulin with added Cd2+. The three-pulse experiment was likewise carried out nearg ) 2.07 at a microwave frequency
) 8.708 GHz, a field strengthH ) 3010 G, and an interpulse time,τ ) 340 ns. Trace D is a composite simulation for the two copper sites
employing the following parameters; for copper site A, e2qQ/h ) 1.67 MHz,η ) 0.77, andaiso ) 1.68 MHz; for copper site B, e2qQ/h )
1.76 MHz,η ) 0.55, andaiso ) 1.68 MHz. The remaining hyperfine and quadrupole tensor parameters and alignments were assigned as
discussed in the text.

ν( ) 3e2qQ(1 ( η/3)/4h

ν0 ) e2qQη/2h
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hyperfine interaction and is approximately positioned (2) at

Initial e2qQ/h, η, andaiso quantities were determined directly
from the FT-ESEEM spectrum using these formulas.

Three parameters were adjusted to perform the final
simulation. Since copper was presumed to replace the two
zinc sites in the crystal, two of the histidine imidazoles for
each site were taken as having orientations as found in the
zinc structure. Theg andACu axes for both copper sites were
aligned with the two zinc site coordinations as depicted in
Figure 2. The remote nitrogen hyperfine anisotropy was
assigned the values 0.38,-0.10, and-0.28 MHz, and tensors
were oriented according to previous Cu2+-doped histidine
single-crystal models (45, 46). The quadrupole tensor was
positioned with respect to the imidazole bond geometries as
found in the single-crystal ESEEM study of Cu(II)-doped
bis(L-histidinato)Cd dihydrate (46), i.e., with e2qQ/h directed
normal to the imidazole plane. In addition, the two pairs of
histidine imidazole remote nitrogens were considered to have
equivalent couplings. This left onlyaiso and the quadrupole
parameters, e2qQ/h andη, to be determined. The final14N
tensor parameters employed in the simulation shown in
Figure 3B are e2qQ/h ) -1.54 MHz,η ) 0.90, andaiso )
1.33 MHz, for both sites A and B.

The fit between simulated and experimental spectra is very
good, except perhaps for the significantly larger broadening
of the 3.7 MHz line in the experimental spectra. Three-pulse
ESEEM experiments and simulations carried out at several
other g-values of the EPR spectra were observed to have
similar quality of fits. In some of these other FT-ESEEM
spectra, the broad higher frequency line at 3.7 MHz in Figure
3A also exhibited small splittings in either the experiment
or simulation. Various possibilities may give rise to this
misfit, including the nonequivalence of the remote nitrogen
couplings, the contribution of axially bound imidazole
nitrogens (33), hyperfine anisotropies different than found
in the model Cu2+-histidine complexes, and an unaccounted-
for reorientation of the histidine imidazoles upon copper
substitution for zinc. However, any or all of these will not
appreciably affect conclusions made below concerning the
remote nitrogen quadrupole interactions.

The FT-ESEEM spectrum for cadmium-soaked crystalline
samples is shown in Figure 3C. Modulation frequency lines
at 0.56, 1.0, and 1.58 MHz from one electron manifold and
at 3.81 MHz from the other are evident. In addition,
preliminary ESEEM simulations identify the lines of lower
amplitude near 2.2, 2.5, and 7.6 MHz as combination
frequencies. For the simulation in Figure 3D, a similar
procedure was followed as outlined above. Theg tensor (and
ACu tensor) orientations for both copper species were again
placed in correspondence with the ligand geometry in the
two zinc sites as reported in Figure 2. However, principal
values from Figure 1C were employed. The ESEEM analysis
here was found to be slightly more complicated. A closer
examination of the spectrum in Figure 3C reveals a larger
line width for the frequency lines at 0.56 and 1.0 MHz, as
compared to other lines in the spectrum, as well as the
appearance of a slight splitting of combination frequency
lines near 2.5 MHz. Both these features arise from the
nonequivalence of the quadrupole parameters of the nitro-

gens. Initial simulations were therefore performed as were
described above but with different values of the e2qQ/h and
η for the nitrogens of each site. Further, the imidazole
conformations were changed from those found in the native
2Zn-insulin crystal structure and fixed at specific orientations
throughout these simulations for reasons and in a manner
discussed below. Simulation trials using native imidazole
orientations did not give as good a fit to the experimental
observations. With these new imidazole orientations, ESEEM
spectral simulations were calculated with the orientation of
the nitrogens’ quadrupole tensors similar to that found in
the single-crystal ESEEM study of Cu2+-doped l-histidine‚
HCl‚H2O (45), as this configuration was found to give a
better correspondence to the experimental spectra. Here
e2qQ/h is directed in the imidazole plane and perpendicular
to the N-H bond. Final FT-ESEEM simulations displayed
in Figure 3D employed the following14N parameters: for
site A, e2qQ/h ) 1.67 MHz,η ) 0.77, andaiso ) 1.68 MHz;
and for site B, e2qQ/h ) 1.76 MHz, η ) 0.55, andaiso )
1.68 MHz.

These14N parameters predict the experimental spectrum
very well, but perhaps not as well as found for Cu2+-insulin
in the absence of Cd2+ (Figure 3B). Again there seems to
be an unexplained broadening of all the experimental lines.
Similar fits and results were found upon comparing experi-
mental and simulated FT-ESEEM at otherg-values of the
EPR spectra. Various reasons have been specified above that
may give rise to this broadening. An additional uncertainty
arises from the probable reorientation ofg tensors (andACu

tensors) axes with respect to the metal coordination geometry.

DISCUSSION

Brill and Venable found that the copper coordination in
2Cu-insulin is a distorted octahedron consisting of two
histidine imidazoles and two water molecules positioned in
an approximate equatorial plane, and a third water and
histidine imidazole axially bound (29, 30). The two copper
atoms were believed to isomorphously substitute for the two
zincs in the 2Zn-insulin structure, both sites undergoing a
local Jahn-Teller distortion. Our ESEEM results are con-
sistent with this conclusion. Although no strong evidence is
found for axial imidazole nitrogen coordination, the ESEEM
observations provide a confirmation that two histidine
imidazoles ligate to copper in an approximate equatorial
fashion in each site. In addition, simulations using the native
imidazole coordinates closely match the observed spectra,
suggesting that copper does indeed isomorphously replace
zinc in the insulin structure.

EPR and ESEEM observations indicate that the insulin
copper site undergoes a specific structural alteration when
Cd2+ binds. A model for this alteration was formulated by
rotating each of the imidazole moieties about their Câ-Cγ

bonds by≈25°. This movement allows each imidazole to
direct its Nδ-H bond almost directly toward an oxygen of
a nearby glutamate (GluB13), whose side chain also realigns
to accommodate the Cd2+ as discussed below. These side
chains were postitioned according to a description in a report
on the crystal structure of 3Cd-insulin (31).

The structure of 3Cd-insulin shows that, in addition to
Cd2+ substituting for the Zn2+ ions, one Cd2+ coordinates to
two of the six GluB13 side chains present at the hexamer

νd ) aiso +2νn
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interface, causing these to change conformation (31). How-
ever, because of the close proximity of thec-axis to the
cadmium site, three potential cadmium sites are present, each
having a metal occupancy of one-third. Hill et al. (31)
mentioned that the Cd2+ ion, having equal probability to bind
any two of the six glutamates, rapidly migrates from one
site to the next. This presumably causes the glutamates to
continuously adjust their conformation at room temperature.

The cadmium-bound glutamate side chains shown in
Figure 9 of Hill et al. (31) have their Oε oxygens in favorable
alignments to hydrogen bond with the remote Nε nitrogens
of the B10 histidines, provided the imidazole moieties also
rotate slightly about their Câ-Cγ bond. It is proposed that
in Cu2+-insulin the binding of cadmium causes the glutamate
side-chain oxygens to form hydrogen-bonding interactions
with the B10 histidine remote nitrogens, locking these
conformations into place. The copper concomitantly relaxes
to a more planar geometry as shown by the EPR, allowing
the imidazoles to rotate slightly to further stabilize the
imidazole-glutamate interactions and the copper site. ES-
EEM spectral simulations with the imidazoles in these new
reoriented positions have been shown above to correspond
very well with the experimental spectra. Figure 4 depicts a
MOLSCRIPT (47) illustration of the copper site A with the
coordinated B10 histidines and the B13 glutamates in
orientations found in 2Zn-insulin (Figure 4A) and with

rotated conformations of these histidines modeled to hydrogen-
bond to the nearby reoriented glutamates (Figure 4B).

The maximum quadrupole interaction|e2qQ/h| for the
remote nitrogen is observed to change direction from along
the imidazole plane normal in Cu-insulin to an in-plane
alignment in Cd2+-soaked samples. Previous studies on
copper-doped histidine single-crystal models indicated that
a 90° rotation of |e2qQ/h| to an in-plane direction signifies
a lower N-H orbital occupancy for the imidazole remote
nitrogens, which may be a reflection of the presence of a
stronger hydrogen-bonding interaction (45, 46).

Precise nqi parameters for two histidine imidazole nitro-
gens in a copper protein were also obtained recently from
pulsed-ENDOR and ESEEM studies on single crystals of
the blue copper protein azurin (11, 56). The orientations of
the coupling tensor principal axes of the remote nitrogens
corresponded to those obtained from Cu2+-histidine single-
crystal model systems (45, 46), and therefore a definitive
assignment was made concerning the origin of the observed
interactions. The azurin His117 Nε nitrogen, which is
hydrogen-bonded to water (OW137), was found to have nqi
parameters of|e2qQ/h| ) 1.43 MHz andη ) 0.95, whereas
the His46 Nε nitrogen, hydrogen-bonded to O of Asn10, had
reported parameters of|e2qQ/h| ) 1.37 MHz andη ) 0.86
(11). The azurin copper site is structurally very asymmetric,
posessing different interactions with the two imidazole
ligands (12). Because of this, the magnitudes of the hyperfine
parameters for the two remote nitrogens were also found to
be significantly different from each other and appeared to
scale by an amount that could be attributed to the unequal
spin distribution on the imidazole ligands (11). This structural
inequivalence between the two histidines, however, also
makes it difficult to unambiguously establish the origin of
the remote14N nqi differences.

The combined results from Cu2+-insulin and azurin
demonstrate that when the histidine imidazole remote
nitrogen hydrogen bonds to a water molecule, the nqi
parameters possess similar values;|e2qQ/h| ≈ 1.4 MHz and
η ≈ 0.92. This suggests and lends credence to the hypothesis
that the hydrogen-bonding environment is the dominant
determinant of the variations observed in the nqi parameters
in histidine imidazole.

Table 1 lists results from selected ESEEM investigations
of copper proteins, including two Cu2+-doped histidine model
systems, and the associated known crystal structures. A
comparison of the coordinated imidazole remote14N nqi
parameters with the hydrogen-bonding environments reveals
that a largeη (η g 0.9) is observed whenever the histidine
imidazole remote nitrogen is hydrogen bonded to water,
irrespective of whether this nitrogen is Nδ or Nε. Conversely,
a smallerη (0.65 < η < 0.9) is observed whenever either
remote nitrogen, Nδ or Nε, makes a hydrogen bond to the
protein or, in the case of histidine model systems, to a
carboxylate oxygen. The e2qQ/h parameter varies from 1.37
to 1.70 MHz but does not appear to depend on the nature of
the remote nitrogen or on the hydrogen-bond acceptor.

CONCLUSIONS

ESEEM spectroscopy was used to determine the14N
hyperfine and quadrupole coupling parameters for the remote
nitrogen of two equatorially coordinated histidine imidazoles

FIGURE 4: MOLSCRIPT (47) ball-and-stick images of the copper
site A in Cu2+-insulin showing the two equatorial coordinating
histidines and two of the six close glutamates (GluB13) at the
hexamer interface. Structure A shows orientations for these amino
acids found in 2Zn-insulin by crystallography (38). Structure B
depicts the altered positions of these glutamates to accommodate
the binding of Cd2+ in 3Cd-insulin. In these reoriented positions,
the glutamate side-chain oxygens are favorably aligned to hydrogen-
bond to the remote nitrogen of the coordinated histidines, which
have also been rotated about their Câ-Cγ bonds by about 25° from
that found in the 2Zn-insulin structure.
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in Cu2+-substituted 2Zn-insulin. In the native 2Zn-insulin
crystal structure, these nitrogens are hydrogen-bonded to
water molecules (28). The excellent fit of FT-ESEEM
simulations to experiments using imidazole orientations
found in the native 2Zn-insulin crystal structure indicates
that little alteration in metal coordination geometry occurs
when Cu2+ substitutes for Zn2+. This work thus provides a
first determination of nqi parameters of an imidazole remote
Nδ in a type 2 copper site where there is some assurance
that this nitrogen has maintained its hydrogen bond to a water
molecule.

When Cd2+ binds to the Cu2+-insulin structure, a signifi-
cant change takes place in both the EPR and ESEEM
patterns. Spectral analysis shows that the histidine imidazoles
form a stronger hydrogen bond to those glutamate residues
that are responsible for the binding of cadmium. This work
thus demonstrates for the first time a dependence of the
remote nitrogen nqi on a specific structural alteration in a
protein system.

The observation of similar nqi parameters for remote
nitrogens hydrogen-bonded to water in both crystalline azurin
and insulin is consistent with the view that the type of
hydrogen-bonding interactions are the primary cause of
observed differences for these parameters in copper proteins.
Results derived from both pulsed-EPR and diffraction studies
show that when the imidazole remote nitrogen hydrogen-
bonds to water,η is most likely larger than or equal to 0.9,
and when it makes a hydrogen bond to the protein,η is
smaller than 0.9. This trend has potential in obtaining
structural information at the metal site in structurally
uncharacterized metalloproteins by pulsed-EPR methods.
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