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Pulsed EPR Studies of the Type 2 Copper Binding Site in the Mercury Derivative
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ABSTRACT: The nuclear modulation effect in pulsed EPR spectroscopy was used to study the type 2 copper
binding site in the mercury derivative of laccase (MDL) in which the type 1 copper is substituted by Hg(II).
By comparing the three-pulse electron spin—echo modulations and Fourier transform spectra of MDL and
several model compounds, we conclude that the imidazole groups of two histidyl amino acid residues are
equatorially coordinated to Cu(II) in the type 2 site. Computer simulations of these data suggest that the
remote nonbonding nitrogens of the two imidazoles possess nuclear quadrupole parameters e?qQ = 1.47
MHz and n = 0.83. A, values of these two nitrogens are not identical, being 1.5 and 2.0 MHz. We have
also used samples of the enizyme exchanged with D,0 to examine the coordination of the water to the type
2 copper site. The deuterium modulation that is resolved by taking the ratio of the time domain ESEEM
data from native and D,O-exchanged enzyme indicates that there is an equatorial water ligand, and further

data show that this water is displaced by azide.

Laccase is an intensely blue, copper-containing protein found
in plants and fungi (Reinhammar, 1984). It catalyzes the
oxidation of aromatic diamines and diphenols, yielding water
as the final product of dioxygen reduction. The intense blue
color arises from a thiolate to Cu(II) charge transfer at one
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of the metal sites (McMillin et al., 1974; Solomon et al.,
1976a,b). This site, termed type 1 (Malmstrom et al., 1968),
has an unusually small nuclear hyperfine coupling constant,
Aj, in the EPR.! On the basis of optical and magnetic
properties, it resembles some low molecular weight, mono-
nuclear copper proteins where the copper is bound to a cys-
teinyl sulfur, two histidyl imidazoles, and a methionyl sulfur
(Colman et al., 1978; Adman et al., 1978; Norris et al., 1981).
Imidazole coordination is demonstrated by pulsed EPR
methods (Mondovi et al., 1977; Avigliano et al., 1981). The

! Abbreviations: EPR, electron paramagnetic resonance; ESEEM,
electron spin-echo envelope modulation; ENDOR, electron-nuclear
double resonance; MDL, mercury derivative of laccase; LEFE, linear
electric field effect; NQI, nuclear quadrupole interaction; EXAFS, ex-
tended X-ray absorption fine structure spectroscopy.

0006-2960/92/0431-6265803.00/0 © 1992 American Chemical Society
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Hg(II) EXAFS spectrum of a laccase derivative with Hg(IT)
incorporated into the type 1 site reveals the presence of two
histidyl imidazole ligands and a sulfur ligand bound to the
metal (Klemens et al., 1989).

A second Cu(lI) site in laccase, termed type 2, is charac-
terized from its magnetic properties as resembling those in
Cu(II) amino acid and peptide complexes but having no sulfur
coordinated to the metal (Peisach and Blumberg, 1974). Im-
idazole coordination has been demonstrated by pulsed EPR
here as well (Mondovi et al., 1977). Moreover, nitrogen su-
perhyperfine structure has been resolved in the S-band EPR
spectrum of the type 2 copper center when mercury is bound
to the type 1 site (Morie-Bebel et al., 1986).

The third copper site, termed type 3, consists of a spin-
coupled binuclear Cu(Il) pair (Reinhammar, 1972; Solomon
et al.,, 1976a,b) that makes no contribution to the EPR
properties of the protein.

The integrity of each copper site in laccase is necessary for
catalytic activity. Therefore, removal of type 2 copper
(Graziani et al., 1976) or substitution of the type 1 copper ion
by mercury (Morie-Bebel et al., 1984) disrupts enzyme
function. Activity is also inhibited by the binding of anions
such as fluoride or azide (Branden et al., 1973).

The EPR spectra of type 1 and type 2 copper overlap, and
this renders structural analysis of the individual sites difficult.
For this reason, one must either reversibly remove one of the
paramagnetic copper atoms, such as the type 2 copper (Gra-
ziani et al., 1976), or substitute the type 1 copper with an EPR
silent surrogate, such as Hg(II) (Morie-Bebel et al., 1984).
It is this latter procedure that has afforded us the opportunity
to characterize the type 2 site without interference from type
1 copper using ESEEM spectroscopy. This pulsed EPR me-
thod is particularly useful for the elucidation of structure in
the vicinity of paramagnetic centers based on the analysis of
weak superhyperfine interactions (Mims & Peisach, 1989).
With this procedure, we demonstrate that for laccase where
Hg(II) is substituted in the type 1 center there are at least
two imidazole nitrogen atoms coordinated to type 2 copper
and that in the D,0 exchanged sample water is coordinated
to copper and this is displaced when azide, an enzyme inhibitor
of the native protein, is bound.

MATERIALS AND METHODS

Diethylenetriamine (97% Fluka AG) and cupric acetate
(Fisher Scientific) were used without further purification.
Imidazole (Eastman) was recrystallized from chloroform prior
to use. Nal’N, was obtained from Prochem.

The mercury derivative of laccase was prepared as described
by Morie-Bebel et al. (1984). Here, the apoprotein from Rhus
vernicifera was reconstituted with Hg occupying the type 1
site and 5°Cu at the type 2 and type 3 sites. For magnetic
measurements the enzyme was in 0.1 M phosphate buffer, pH
6, and its concentration, estimated from the copper content,
was approximately 2 mM. D,O exchange of the enzyme was
carried out by diluting the protein 5-fold with phosphate buffer
in D,O, concentrating by ultrafiltration, and repeating this
procedure twice.

The azide derivative of the enzyme was prepared by adding
a 15-fold molar excess of Nal’Nj,.

Mono-, bis-, and tris(bipyridyl) complexes of Cu(Il) were
prepared following procedures already described (McCracken
et al., 1987), as was copper(II) diethylenetriamine imidazole
(Mims & Peisach, 1978). A copper(II) bis(imidazole) com-
plex was formed by dissolving 4 mM copper(II) oxalate with
32 mM imidazole at neutral pH; copper(II) tetrakis(imidazole)
was likewise formed from 5 mM copper acetate to which 200

Lu et al.

?

—
100G

FIGURE 1: X-band EPR spectra of the mercury derivative of laccase
and of two copper(II) imidazole complexes: (A) enzyme; (B) cop-
per(II) oxalate bis(imidazole); (C) copper(Il) tetrakis(imidazole).
Spectrometer conditions: microwave power, 5 mW; microwave fre-
quency, 9.10 GHz; field modulation amplitude, 5 G; temperature,
77 K.

mM imidazole was added. The solvent system used for model
experiments was ethylene glycol/water or ethylene glycol/D,0
(1:1 v/v).

The pulsed EPR spectrometer used for these experiments
has been described before (McCracken et al., 1987). However,
the traveling wave tube amplifier has since been modified to
reduce the gating fall time and to provide some reduction in
amplifier noise. A reflection cavity that contains a folded
stripline element as the resonant structure (Lin et al., 1985;
Britt & Klein, 1988) was used. As configured, the spec-
trometer had a deadtime of 70-80 ns. Two- and three-pulse
electron spin-echo data were obtained at X-band at 4.2 K.
The three-pulse experiments were performed with a 7 value
selected for suppression of the proton Larmor line (i.e., 7 =
n/vy; n =2, 3). Typical microwave pulse powers were 50 W
delivered in a 12-ns pulse. The repetition rate of the applied
pulse sequence was 100 Hz. Nuclear modulation data lost to
instrumental deadtime was reconstructed using a procedure
developed by Mims (1984) and which is part of a software
package written by us that also includes routines for fast
Fourier transformation and the rationing of two time domain
traces.

RESULTS AND DISCUSSION

EPR Spectra. The X-band EPR spectrum of the mercury
derivative of laccase at 77 K is shown in Figure 1A. The line
shape, characteristic of EPR spectra for type 2 copper
(Morie-Bebel et al., 1986), is typical for Cu(II) centers having
near axial symmetry, with principal g values of g, = 2.05 and
gy = 2.25. The copper hyperfine content A4, is about 575 MHz.
One notes a poorly resolved, multiline superhyperfine pattern
at g, which suggests that nitrogens are coordinated to Cu(II).
The number of superhyperfine lines that, in theory, can be
resolved for the coupling of a nuclear spin I to an electron S
= 1/, is given by the expression 2In + 1, where # is the number
of coupled nuclei. However, counting lines at the g, feature
of the spectrum as a means of determining the number of YN
bound to Cu(II) may yield an overestimate since the spectral
line shape may not reflect purely axial symmetry, and one
would expect contributions from both g, and g,.

A more accurate count of superhyperfine lines is generally
obtained at the low-field (M, = -!/,) hyperfine feature of the
Cu(II) spectrum. In many cases, the spectral resolution at
X-band is poor because of strain broadening, and one resorts
to measurements at S-band, where resolution is sometimes
improved (Hyde & Froncisz, 1982; Froncisz & Aisen, 1982).
Such an S-band measurement was made for the mercury
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derivative of laccase, where a poorly resolved, multiline pattern
on the M, = -1/, transition is reported. Although this spectral
feature was simulated with a seven-line superhyperfine pattern
assuming electron nuclear coupling with three equivalent N,
seven distinct lines are not clearly evident in the spectrum
(Morie-Bebel et al., 1986; Figure 4).

For comparison purposes, X-band EPR spectra of copper(1I)
oxalate bis(imidazole) (Figure 1B) and copper(II) tetrakis-
(imidazole) (Figure 1C) are also illustrated. These spectra
have characteristic features of g; = 2.28, 4, = 535 MHz and
8 = 2.24, A; = 610 MHz, respectively. In general, an increase
of the number of coordinated nitrogens at the expense of
coordinated oxygens may result in an increase in the number
of superhyperfine lines observed in the spectrum and, more
usually, an increase in the magnitude of 4, and a decrease in
the value of g, provided that the site symmetry is regular
(Blumberg & Peisach, 1987). On the basis of the magnitude
of 4, and g, it was suggested (Morie-Bebel et al., 1986) that
the ligand coordination for the type 2 copper in the mercury
derivative of laccase is probably of the type 3N10. However,
changes in ligand charge as well as site symmetry preclude
accurate assignments that are able to differentiate 2N20,
3N10, and 4N type ligation (Peisach & Blumberg, 1974).
Therefore, as a means of further elucidating the coordination
site, we turn to electron spin—echo experiments to determine
the ligand structure about the metal ion.

Couplings of Amino or Remote Nitrogens from Coordi-
nated Imidazoles. On the basis of the purported seven-line
splitting of the M, = —!/, feature in the EPR spectrum of the
mercury derivative of laccase at S-band, it has been suggested
that there are three nitrogens coordinated to the type 2 Cu(II)
site (Morie-Bebel et al., 1986). If these are all the directly
coordinating nitrogens of bound imidazole, they will not
contribute to the electron spin—echo envelope modulations
(Mims & Peisach, 1978) because the couplings are larger than
the frequency range that can be covered in a spin—echo ex-
periment. The remote nitrogen of bound imidazole is more
weakly coupled to the copper, and it is this nitrogen that
contributes to the echo envelope modulation that is observed.

In general, the Hamiltonian expression for the weakly
coupled nitrogens consists of three terms corresponding to (i)
the nuclear Zeeman interaction, (ii) the electron—nuclear su-
perhyperfine interaction, and (iii) the nuclear quadrupole in-
teraction (NQI). This Hamiltonian can be written

H= Hnucleeman + Hshf + HQ (l)

At an applied field of approximately 3000 G the superhy-
perfine interaction nearly cancels the nuclear Zeeman inter-
action of the remote nitrogen of Cu(II)-coordinated imidazole,
and the Hamiltonian is essentially simplified to that of the
quadrupole term for one of the electron spin manifolds. Under
these conditions we expect to observe only the three zero field
quadrupole frequencies v_, vy, and v, which are related to the
electric field gradient parameters as follows:

ve = Ju(1 £ /in)(€*Qq) (2)
v = /i(€’Qq) (3

Here, ¢2Qq is the nuclear quadrupole interaction and 7 the
asymmetry parameter.

The frequency spectrum obtained from the Fourier trans-
form of the three-pulse echo modulation data shown in Figure
2 contains three intense lines at 0.74, 1.51, and 3.90 MHz,
plus other features. We interpret our data as done previously
by Mims and Peisach (1978); that is, the nuclear modulation
frequencies identified at 0.74 and 1.51 MHz correspond to the
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FIGURE 2: Three-pulse electron spin-echo modulation (A) and the
Fourier transform (B) for the mercury derivative of laccase. Spec-
trometer conditions: microwave frequency, 8.9 GHz; microwave power,
63 W; applied magnetic field, 3000 G; r, the spacing between the
first and second microwave pulses, 156 ns; temperature, 4.2 K; the
echo envelope is obtained in 1000 points over the time interval indicated

on the abscissa.

zero field nuclear quadrupole frequencies of the spin manifold
in which the Zeeman and hyperfine energies cancel. [Previous
studies have indicated that the observed 0.74-MHz line is a
composite of two nuclear quadrupole lines (Mims & Peisach,
1978; Jiang et al., 1990).] The frequency at 3.9 MHz is
assigned to the double quantum transition from the other spin
manifold in which the Zeeman and contact terms add.

When two or more magnetically equivalent 1N nuclei give
rise to lines in a spin—echo spectrum, combination frequencies
are observed (Kosman et al.,, 1980; McCracken et al., 1988).
In the spectrum shown in Figure 2, two lines at 2.25 and 3.0
MHz are seen, and these can be assigned to combination
frequencies of the nuclear quadrupole lines at 0.74 and 1.5
MHz. The presence of these combination lines indicates that
more than a single imidazole is coordinated to Cu(Il), in
accord with the CW EPR result. We can use the amplitudes
of these combination lines relative to the “fundamental” fre-
quencies as a means of quantifying the number of imidazoles
bound.

The above arguments are reinforced by the ESEEM spectra
of three model compounds illustrated in Figure 3. Here, we
compare the spectra of copper(II) diethylenetriamine imid-
azole, copper(II) oxalate bis(imidazole), and copper(II) tet-
rakis(imidazole), in which Cu(II) is coordinated to one, two,
and four imidazoles, respectively. As was the case for the
mercury derivative of laccase, these spectra all have charac-
teristic frequency components near 0.58-0.78, 1.46, and 4
MHz. For those complexes that contain more than a single
imidazole ligand, combination frequencies near 2.0-2.3 and
2.9 MHz are evident. The relative amplitudes and line width
of the combination frequencies with respect to the double
quantum transition (4 MHz) can be seen to increase with the
number of imidazoles coordinated (McCracken et al., 1988).
From a comparison of these features with those present in the
laccase spectrum (Figure 2), we conclude that there are at least
two imidazoles coordinated to the type 2 copper site in the
enzyme.

Simulations of '*N Modulations. To further examine the
nuclear modulations of the remote or amino nitrogen of cop-
per-coordinated imidazole and the effects of multiple equiv-
alent nuclei on these modulations, we turn to ESEEM simu-
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FIGURE 3: Frequency spectra of three copper(II) imidazole complexes
obtained from Fourier transformation of three pulse ESEEM data:
(A) copper(II) diethylenetriamine imidazole; (B) copper(II) oxalate
bis(imidazole); (C) copper(II) tetrakis(imidazole). Spectrometer
conditions: microwave frequency, 8.8 GHz; microwave power, 63 W;
applied magnetic field, 3065 G; 7, 230 ns; temperature, 4.2 K; data
recorded as described in the caption of Figure 2.

lation techniques (Cornelius et al., 1990) that are based upon
the density matrix formalism of Mims (1972). The form of
the Hamiltonian operator used in these simulations is

N = SANI - gnONBI + (¢29Q/4)[317 - 2 + n(I? - ID)]
O]

To perform the simulations, 11 parameters are required. If
the electron—nuclear hyperfine coupling tensor is constrained
to be axial, only two coupling parameters and two angles
relating the relative orientation of Ay to the g-tensor are
needed. This reduces the number of variables in the above
expression to nine. The other five variables are those needed
to describe the nuclear quadrupole interactions: e2gQ, the
quadrupole coupling constant; », the asymmetry parameter;
and the three Euler angles that are needed to relate the
principal axes of the tensor to the g-tensor.

The simulation procedure starts by selecting the Euler angles
and rotating the nuclear quadrupole interaction operator. The
Hamiltonian matrix is then calculated for both electron spin
sublevels using the effective NQI parameters and the re-
mainder of the nuclear Zeeman term. The values of ¢2Qq and
n are then optimized to provide a best fit of the low-frequency
components of the spectrum, which, to a good approximation,
are solely dependent upon the nuclear quadrupole interaction.
Likewise, the frequency of the simulated double quantum
transition at approximately 4 MHz is optimized by adjusting
the isotropic portion of the nuclear hyperfine interaction;
anisotropic terms of the hyperfine tensor are then varied to
fit line shape and width. Finally, the simulated modulation
patterns are multiplied by an exponential function [exp(-¢/7)]
to account for the decay of the echo amplitude due to relax-
ation processes.

Simulations of a three-pulse spin—echo data set performed
at 8.8 GHz and an applied field of 3065 G were carried out.
For “N the nuclear g value was taken as 0.40349. The
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FIGURE 4: Simulation of three-pulse echo envelope modulations for
Cu(II) coordinated by one (A), two (B), three (C), and four (D)
imidazoles. The solid lines indicate the simulated data, and the dotted
lines correspond to the experimental modulation data for the sampl&s
described in Fi egure 3. Simulation parameters g2, = 0.40349; 6
90°; ¢, = 0°; =147,7=083;a=75%8=90° vy -0°
=2.02 (A), 2.04 (B), 2.07 (C), 2.10 MHz (D), r=27 A 512 pomts
were used in the simulation.

modulation pattern was simulated for a fixed r value of 230
ns, and data points were obtained at 10-ns intervals. The
results of the simulation and the relevant experimental mod-
ulation patterns are illustrated in Figure 4 for copper coor-
dinated to one, two, three (theoretical fit), and four imidazoles
(A-D, respectively).

As would be expected from theory, the frequencies of the
nuclear quadrupole lines are primarily determined by the
values of ¢2Qq and 5, whereas the amplitude of these features
is sensitive to the relative orientation of the nuclear quadrupole
tensor and the g-tensor (McCracken et al., 1988). In our
simulations, the values that gave optimal agreement with
experiment were e2Qg = 1.47 MHz and = 0.83. These
parameters gave modulation periodicities of 1.72, 1.16, and
0.68 us, which corresponds to frequencies of 0.58, 0.86, and
1.47 MHz, respectively. The Euler angles that gave these
results were « = 75, 8 =90, and v = 0.

The electron—nuclear hyperfine coupling tensor is described
using a point dipole model, which is then added directly to the
isotropic term. The hyperfine tensor is thus parameterized
by r, the effective electron—-nuclear distance, and angles 6, and
6,, which describe the rotations of the hyperfine tensor prin-
cipal axis from that of the g-tensor. Best fits of the double
quantum frequency component for the remote or amino ni-
trogen of copper complexes containing one, two, and four
imidazoles are obtained using isotropic hyperfine coupling
terms of 2.02, 2.04, and 2.10 MHz, respectively. The resultant
frequencies obtained using these input parameters are 4.04,
4.06, and 4.14 MHz (cf. Figures 3 and 4). For the simulation
of the tris(imidazole) coordinated copper complex, for which
we have no experimental data, A4, the isotropic hyperfine
coupling constant, for the amino nitrogen was selected to be
an intermediate value 2.07 MHz, and we obtained a double
quantum transition at 4.11 MHz in this simulation.

We also simulated the frequency spectrum of the three-pulse
experiment performed on the mercury derivative of laccase.
The low-frequency components of the spectrum differ slightly
from those of the model compounds, and the best fit of the
simulation to the enzyme data was obtained by simply read-
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FIGURE 5: Simulation of the three-pulse echo envelope modulation
data for the mercury derivative of laccase (solid line) and comparison
with experiment (dotted line): (A) simulation assuming two non-
equivalent nitrogens; (B) simulation assuming two equivalent nitrogens
and a third nonequivalent nitrogen. The solid line indicates exper-
imental data; the dotted line is the simulated modulation. For the
experimental data, spectrometer conditions are as described in Figure
3. Simulation parameters: €2Qg = 1.47;7=091;a= 0=y = 0%
r = 2.6 A (all other parameters as in Figure 4). A, for the weakly
coupled nitrogen is 1.5 MHz; the more strongly coupled nitrogen is
fit with an A, of 2.0 MHz.

justing the quadrupole coupling terms to e’Qq = 1.47 MHz
and 7 = 0.91. For the 4-MHz peak, however, the experimental
data suggest that the feature here might be due to a contri-
bution from two sources; that is, there seem to be two over-
lapping peaks from amino nitrogens with presumably slightly
different isotropic couplings. We attempted to mimic these
feature by performing simulations of complexes containing two
and three nonequivalent (with respect to the nuclear hyperfine
coupling) imidazoles. In these simulations isotropic coupling
constants of 1.5 and 2.0 MHz were used; Figure 5A is the
simulated echo envelope of a complex containing two non-
equivalent imidazoles, and Figure 5B is the result obtained
when two weakly coupled (1.5 MHz) imidazoles and one more
strongly coupled (2.0 MHz) imidazole are coordinated to the
copper. A comparison of these two simulations with the ex-
perimental data indicates that the best fit is attained for the
model that features two nonequivalent imidazoles with A4,
differing by 0.5 MHz. We therefore conclude that two im-
idazoles are bound equatorially to the type 2 site.

As A, values for the remote nitrogens of the two coordi-
nated imidazoles differ by about 25%, it is reasonable to as-
sume that a similar difference in coupling will be observed for
the directly coordinated nitrogens as well. For example, the
two directly coordinated imidazole nitrogens in the copper
protein stellacyanin show differences in coupling that vary by
about 50% (Roberts et al., 1984). On the basis of ESEEM
spectral simulation, the couplings of the two remote nitrogens
are also shown to differ by about 50% (J. McCracken and J.
Peisach, unpublished observations). Therefore, the continuous
wave S-band EPR spectrum for the mercury derivative of
laccase is expected to show neither a five-line superhyperfine
pattern indicative of coordination to two equivalently coupled
4N nor a seven-line pattern indicative of coordination to three
equivalently coupled “N (Morie-Bebel et al., 1986; Figure 5).
Inequivalent nitrogen coupling is suggested, and this would
lead to the poor spectral resolution obtained.

Although it is clear from our ESEEM spectral simulations
that at least two imidazoles are coordinated equatorially to
copper, we are not able from our studies to determine whether
another imidazole is coordinated axially. The modulations
arising from an axially coordinated “N at X-band are so weak
(Cornelius et al., 1990) that their spectral contributions cannot
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FIGURE 6: Three-pulse modulation data obtained by a ratio procedure
for (A) equatorially and (B) axially coordinated D,O ligated to Cu(II)
in a model study with copper(II) mono-, bis-, and tris(bipyridyl)
complexes in D,0 and H,0; (C) three-pulse deuterium modulation
data for ambient water outside the coordination sphere of copper(II)
tris(bipyridyl). Trace D is the ratio of modulation data for the mercury
derivation of laccase studied in D,O and in H,O. Trace A is the
ESEEM pattern obtained by dividing the ratio of envelope modulations
for Cu(II)bpy in D,O and in H,O by the ratio of envelopes for
Cu(II)(bpy), in D,0 and in H,O. The modulation shown is from
two D,0 coordinated equatorially to Cu(II). Trace C was obtained
by taking the ratio of modulation envelopes for Cu(II)(bpy), in D,O
and in H,O by the ratio of envelopes for Cu(bpy); in D,O and in H,0.
The modulation shown is from two D,O coordinated axially to Cu(II).
Trace B was obtained by dividing the modulation data for Cu(II)(bpy),
in D,0 by that in H,0, leaving the modulation from ambient water.
Experimental conditions were as described in Figure 3. For a dis-
<(:ussio;1 of the rationale for the models chosen, see McCracken et al.
1987).

be resolved where two imidazoles are coordinated equatorially
to Cu(Il). Our experiments would also be an insensitive to
a third equatorially coordinated nitrogen based ligand of a
different origin (e.g., lysine).

Water as a Ligand to the Cu(Il). The superhyperfine
contribution of protons belonging to any water molecules that
serve as ligands to the copper would be immeasurably small
by conventional EPR spectroscopy, and we instead rely upon
pulsed electron spin resonance techniques, which are better
suited for the study of weak hyperfine interactions (Tsvetkov
& Dikanov, 1987). To determine whether water molecules
are bound as ligands to copper, we recorded spin—echo nuclear
modulation envelopes for two mercuric laccase preparations,
one of which was exchanged against D,0.

The spin—echo modulation pattern that we observe for the
mercury derivative of laccase comprises contributions from
protons, nitrogens, and, following the appropriate substitution,
deuterons. The total modulation of the electron spin—echo can
be expressed mathematically as a product of the individual
nuclear modulation components (Mims, 1972), so that

Vmod(Il’IZ’---aIn) = Vmod(Il) Vmod(IZ)"' Vmod([n) (5)

Therefore, it follows that, if one wants to “subtract™ contri-
butions of a given component from the total modulation
function, one needs to obtain the ratio of two modulation
functions (Mims et al., 1984).

The ratio data of the corresponding experimental three-pulse
echo modulation obtained from samples of MDL and three
copper-bipyridyl complexes are illustrated in Figure 6A-D.
Copper(II) mono-, bis-, and tris(bipyridyl) complexes have
been selected as models for the comparative study of modu-
lations from equatorially bound, axially bound, and ambient
water on the basis of a study that demonstrated a means to
selectively resolve the modulations of specifically coordinated
water ligands from these complexes. The rationale of the
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FIGURE 7: Fourier transforms of three-pulse echo envelope data for
(A) equatorial and (B) axial D,0, (C) ambient D,0, and (D) deu-
terium interacting with the type 2 Cu(II) in laccase where Hg?* is
coordinated to the type 1 copper site. The modulation data sets used
are shown in Figure 6.
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chemistry and the various physical analyses of the structure
are reviewed by McCracken et al. (1987) in an ESEEM study
of the water ligated to amine oxidase.

The periodicity observed in the ratio of modulation data
from native and D,0-exchanged MDL arises from deuterium
interaction and clearly shows that the type 2 Cu(II) site is
accessible to water. A Fourier transform (Figure 7D) of the
three-pulse modulation pattern shown in Figure 6D provides
the frequency spectrum of the couplings of the deuterium to
the electron spin of the Cu(II) in the protein. For the mercury
derivative of laccase exchanged against D,O the resolved
deuterium modulation obtained by the ratio procedure com-
prises contributions from copper-coordinated D,0O, noncoor-
dinated D,0, and deuterium that has replaced exchangeable
protons on the protein itself. All of these weakly coupled
deuterons are identical to those termed “matrix” nuclei in the
ENDOR spectroscopy literature [cf. Hyde et al. (1968) and
Kevan and Kispert (1976)]. The spectrum obtained by Fourier
transformation of the ratioed laccase data provides a composite
of spectral features centered at the deuterium Larmor fre-
quency near 2 MHz. The line can be resolved into a broad
component and a narrow component arising from individual
populations of nuclei with different hyperfine anisotropy or
effective electron—nuclear distances. From a comparison of
Fourier transforms of the modulation data for D,O coordinated
equatorially (Figure 7A) or axially (Figure 7B) to Cu(II) and
in the ambient environment (Figure 7C), one notes that the
relative line widths of the 2-MHz line differ. For those deu-
terons closest to the Cu(II), such as on an equatorial water
molecule, the deuterium modulation pattern “damps” fastest
(Figure 6A), resulting in a broad 2-MHz line in the Fourier
transform. The damping of the population of deuterons
furthest away, those in the ambient environment, is the slowest
(Figure 6C), resulting in a narrow 2-MHz line (Figure 7C).
For axially coordinated D,0, the damping/line width is in-
termediate (Figures 6B and 7B).

On the basis of a comparison with Fourier transforms of
modulation data for models (cf. Figure 7A—C) with that for
the protein (Figure 7D), one can clearly recognize a broad
component likely arising from deuterium in close proximity
to the metal ion, as well as a narrow component from ambient
deuterons. From this study it is suggested that water is a
ligand to copper in laccase where mercury replaces type 1
copper. This finding is supported by the demonstration by
Branden and Deinum (1977) that the EPR spectrum attrib-
utable to type 2 copper in laccase is broadened subsequent to
the addition of H,'70.

Lu et al.
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FIGURE 8: Two-pulse eacho envelope data for (A) equatorial, (B) axial,
and (C) ambient D,O obtained from the model study described in
the legend to Figure 6. Trace D is the two-pulse deuterium data for
the mercury derivative of laccase. The data shown are ratios obtained
from studies of equivalent samples in D,O and in H,O. Experimental
conditions are as described in Figure 2.

As an alternative method we can also determine the origin
of the deuterium modulations from an analogous two-pulse
electron spin—echo experiment (Figure 8). For deuterium,
a second harmonic of the matrix nuclear frequency is generated
by the sum of the two nuclear frequencies associated with the
spin-up and spin-down states. Characteristics of the nuclear
coupling affect the relative decay rates of the fundamental and
second harmonic modulation amplitudes. In general, the
second harmonic decays much more slowly than the funda-
mental because for the second harmonic the two nuclear
transitions undergo opposite and nearly equal shifts in the field
of the electron. For a nucleus of I = !/,, however, the
quadrupole shift is independent of the electron spin orientation
and will hasten the damping of this component. The line
widths of the fundamental frequencies are mostly determined
by the hyperfine anisotropy and will be strongly damped for
close nuclei. As a result, the second harmonic for deuterium
is difficult to observe in a two-pulse experiment unless the
electron nuclear coupling is significantly greater than the
quadrupole shift. The presence or absence of the second
harmonic, then, provides a tool for distinguishing close or
coordinated from noncoordinated water deuterons (McCracken
et al., 1987).

From the results of the model compound study that are
illustrated in Figure 8, one notes a significant difference in
resolution of the deuterium second harmonic in the echo en-
velope which depends on the proximity to the copper centers.
In Figure 8A, the trace for equatorially bound D,0, the second
harmonic is more prominent than for axial D,O (trace B),
where the deuterium is further removed from the copper. For
ambient D,O (Figure 8C) the second harmonic is not resolved
at all. An examination of the ratio of modulation data for the
mercury derivative of laccase in D,0 and H,O clearly dem-
onstrates a resolved second harmonic, once again suggesting
the presence of equatorial water as a ligand to copper.

We can further use the ratio technique to determine from
which position water is displaced when azide binds to the
copper in the active site. A ratio of the modulation patterns
of enzyme samples in D,0 and H,O provides us with those
modulations of deuterium present on copper ligands or as a
replacement for solvent-exchangeable protons on the protein
(Figure 9A). A second ratio is obtained from two samples
of the azide bound enzyme, again, in D,O and H,O (Figure
9B). This second ratio provides the same deuterium modu-
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FIGURE 9; Deuterium modulation arising from water displaced by
azide binding to copper in the mercuric derivative of laccase. Trace
A is the ratio of two-pulse modulation data for the protein in D,0O
and H,0. Trace B is the ratio of modulations of identical samples
of protein in D,0 and in H,O that had been treated with N5~ Trace
C is the ratio of trace B divided by trace A and represents the
deuterium modulation of azide-displaced D,O. Two-puise ESEEM
data were coliected at 3050 G at a microwave frequency of 8.84 GHz.

lations described above less those of the putative water ligand
displaced by azide. The ratio of these two resultant deuterium
modulation patterns leaves us with the deuterium modulation
of any putative displaced water (Figure 9C). This deuterium
modulation closely resembles that obtained for equatorially
bound water (Figure 8A), and we conclude that it is from this
position that water is displaced from the type 2 site in laccase
when azide is bound.

Conclusion. We have presented EPR and electron spin—
echo data that we have used to determine the coordination
properties of the type 2 copper site in the mercury derivative
of laccase. On the basis of the ESEEM of the protein, we
determined that minimally two imidazoles are equatorially
bound to copper, although the data do not preclude another
axially or equatorially coordinated nitrogenous ligand.

Using both two- and three-pulse ESEEM methods, water
is shown to be accessible to the copper site, on the basis of
deuterium-exchange experiments. Its direct coordination to
copper is suggested. When azide binds to the metal, it dis-
places a water at the equatorial position.

From the results presented, it is interesting to note that the
ligation proposed here for the type 2 copper in the mercury
derivative of laccase bears a resemblance, both in the number
of imidazoles coordinated and in the water ligation, to the type
2 site in ascorbate oxidase as determined by X-ray crystallo-
graphic analysis (Messerschmidt et al., 1989). On the basis
of an alignment of amino acid sequences of ascorbate oxidase
with those for the related proteins laccase and ceruloplasmin,
similar bis(imidazole) coordination to the type 2 copper in
these proteins is suggested (Messerschmidt & Huber, 1990).
A similar comparison of amino acid alignments of the Mes-
serschmidt and Huber data and nitrite reductase has been
performed (Fenderson et al., 1991) and specific motifs of
copper ligands are conserved among these proteins. It would
appear, then, that the ligand composition of each type of
copper in the multinuclear, blue copper oxidase is constant and
may have structural analogy with corresponding sites in pro-
teins where only one type of copper is present. So, the type
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1 copper in ascorbate oxidase has identical ligand composition
with the mononuclear copper proteins azurin (Adman et al.,
1978) and plastocyanin (Colman et al.,, 1978) [but not stel-
lacyanin (Peisach et al., 1967; Bergman et al., 1977)], while
the type 3 copper of ascorbate oxidase structurally resembles
the binuclear center in hemocyanin (Gaykema et al., 1984).
For those copper proteins containing only type 2 copper, the
number of imidazoles coordinated to metal is minimally two,
such as found in galactose oxidase (Ito et al., 1991), but can
be as many as four, such as in superoxide dismutase (Rich-
ardson et al., 1975). In all instances, though, specificity of
metal binding for all divalent copper centers requires imidazole
coordination.
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Co?* as a Shift Reagent for 33Cl NMR of Chloride with Vesicles and Cells'
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ABSTRACT: Applications of high-resolution 3*C1 NMR to the study of chloride in vivo and in vesicles have
hitherto been limited by problems of NMR detectability and of resolving internal from external signals.
We have characterized the effects of Co?* on the **Cl resonance of CI” in solution and have shown that
when added to suspensions of lipid vesicles, Co** shifts the 35Cl signal of the extravesicular CI-, allowing
clear resolution and quantitation of two peaks. We have assigned these signals to chloride inside and outside
the vesicles. The spectra do not change over a 90-min period, demonstrating the stability of the vesicles
in the presence of Co?*. This technique is shown to be applicable to red blood cell ghosts, where intravesicular
and extravesicular chloride signals were separated and measured and chloride/sulfate exchange through
the band 3 anion transport protein A was followed. In two plant species (an alga and a higher plant), an
intracellular CI- signal can be observed and resolved from the extracellular signal. The intracellular
transportable chloride was found to be fully NMR-visible (£5%) in the algal cells. The high steady-state
levels of Cl seen in the alga were consistent with previous work using ¢Cl- labeling on a related species
[Doblinger, R., & Tromballa, H. W. (1982) Planta 156, 10—15]. Successive spectra acquired after adding
Co?* to Chlorella cells under deenergizing conditions allow us to follow the time course of movement of
CI™ out of the cells.

High-resolution 35C1 NMR has been used in inorganic
chemical studies of the interaction of CI~ with metal ions and
complexes in solution [reviewed by Lindman and Forsén
(1976)] and in many investigations of chloride binding to
proteins, both in solution [reviewed by Forsén and Lindman
(1981)] and with integral membrane proteins (Baianu et al.,
1984; Shami et al., 1977; Falke et al., 1984a,b; Shachar-Hill

*This work was supported by NSF Grant DBM 861630.

* Author to whom correspondence should be addressed.
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sity, Cambridge CB2 1QW, England.

et al.,, 1989). However, the application of 3C1 NMR to
studying chloride in vivo has been restricted by two problems:
the superposition of the signals from intra- and extracellular
chloride and the fact that in all cells studied to date intra-
cellular signals are too broad to quantify. This has been found
in human red blood cells (Falke et al., 1984b; Brauer et al.,
1985; Hoffman & Gupta, 1987), rat proximal tubules
(Hoffman et al., 1987), and Escherichia coli (this study). This
broadening of intracellular signals is due to the very rapid
quadrupolar relaxation of the 3°Cl nucleus when its motion
is restricted by binding to a protein or other slowly tumbling
species where electric field gradients at the 3°Cl nucleus are
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