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ABSTRACT: Electron spin echo evelope modulation spectroscopy (ESEEM) was used to study the active
site structure of isopenicillin N synthase (IPNS) from Cephalosporium acremonium with Cu(II) as a
spectroscopic probe. Fourier transform of the stimulated electron spin-echo envelope for the Cu(II)-substituted
enzyme, Cu(IIIPNS, revealed two nearly magnetically equivalent, equatorially coordinated His imidazoles.
The superhyperfine coupling constant, A4, for the remote 4N of each imidazole was 1.65 MHz. The binding
of substrate to the enzyme altered the magnetic coupling so that A, is 1.30 MHz for one nitrogen and 2.16
MHz for the other. From a comparison of the ESEEM of Cu(I)IPNS in D,O and H,O, it is suggested
that water is a ligand of Cu(II) and this is displaced upon the addition of substrate.

Isopenicillin N synthase (IPNS) is a non-heme iron(II)-
containing enzyme found in penicillin- and cephalosporin-
producing microorganisms (Baldwin & Abraham, 1988;
Robinson, 1988; Baldwin, 1989; Chen et al., 1989; Baldwin
& Bradley, 1990). This enzyme catalyzes the oxidative ring
closure reactions of 8-(L-a-aminoadipoyl)-L-cysteinyl-D-valine
(ACY) to form isopenicillin N, the precursor of all other
penicillins, with concomitant four-electron reduction of a single
equivalent of dioxygen to form 2 equiv of HyO. The oxidation
of ACV to form the 8-lactam and thiazolidine rings was found
to be catalyzed by IPNS with complete retention of configu-

ration.
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Insights into the mechanism of IPNS catalysis have been
obtained from kinetic studies using different substrate ana-
logues (Baldwin, 1989; Baldwin & Abraham, 1988; Robinson,
1988; Baldwin & Bradley, 1990); however, much less has been
learned about the active site structure of the enzyme and the
configuration of the enzyme—substrate complex. In our pre-
vious communication (Ming et al., 1990), we have shown that
the Cu(II)-substituted IPNS [Cu(II)IPNS] could be used for
spectroscopic studies of the active site structure of the enzyme.
A direct interaction of the Cys-S moiety of the substrate with
Cu(II) in the active site was clearly demonstrated by an intense
S-to-Cu charge-transfer band at 385 nm. Both EPR and
electronic spectra of Cu(II)IPNS showed a tetragonally dis-
torted type 2 copper site. The presence of endogenous His
residues has also been suggested by NMR studies of Fe(II)-
IPNS and Co(II)IPNS.

Pulsed EPR spectroscopy is a powerful technique for the
study of the active site structure of copper enzymes (Mims
& Peisach, 1981; McCracken et al., 1987; Mims et al., 1984;
Zweier et al., 1982). By measuring the electron spin echo
envelope modulation (ESEEM) arising from the superhy-
perfine interaction between Cu(II) and nearby weakly coupled
nuclei, we can identify the type and the number of Cu(II)
ligands. We report here our ESEEM studies of Cu(II)IPNS
which show the presence of two equatorially coordinated His
residues and also provide insights into the substrate interaction
and solvent accessibility at the active site of this biomedically
significant metalloenzyme.

© 1991 American Chemical Society
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EXPERIMENTAL PROCEDURES

Materials and Methods. Isopenicillin N synthase from
Cephalosporium acremonium (MW 38 400) was isolated as
the apo form from recombinant Escherichia coli according
to reported procedures (Kriauciunas et al., 1991). The sub-
strate ACV was from Incell (Milwaukee, WI), and all other
chemicals used were commercially available. The catalytic
activity of Fe(II)-reconstituted IPNS was determined from
the initial rate of dioxygen consumption with ACV in 0.1 M
MOPS, pH 7.1 and 25 °C, and/or by direct measurement by
HPLC of the isopenicillin N produced under the above con-
ditions [1 unit of IPNS activity is defined on the basis of
consumption (formation) of 1 umol of O, (isopenicillin N)/min
under the above conditions]. Those enzyme preparations with
specific activity of >4 units/mg when reconstituted with Fe(II)
were pooled and concentrated by ultrafiltration and then stored
in liquid nitrogen until used.

Cu(IT)IPNS was prepared by slow infusion of Cu(II) into
apo-IPNS in 0.1 M MOPS buffer at the desired pH. The
enzyme samples in D,O buffer were prepared first by dialyzing
the apo-IPNS solution against 0.1 M MOPS in D,0 at pD
7.1 to deuterate solvent-exchangeable protons in the protein,
followed by Cu(II) reconstitution. The substrate complex of
Cu(II)IPNS was prepared by the addition of 21 equiv of ACV
to a Cu(IT)IPNS solution under anaerobic conditions. The
formation of Cu(II)IPNS and the Cu(INIPNS-ACV complex
was monitored by both visible and EPR spectroscopies (Ming
et al., 1990).

Spectroscopy and Spectral Simulation. Continuous-wave
(CW) EPR spectra were obtained with a Varian E-112
spectrometer, equipped with a Varian NMR gauss meter and
a Systron Donner frequency counter. Spectral simulations
were carried out by a method described previously (Nilges,
1979; Belford & Nilges, 1979; Maurice, 1981). ESEEM were
obtained with a pulsed EPR spectrometer discussed in detail
elsewhere (McCracken et al., 1987). It uses a reflection cavity
system (Lin et al., 1985), employing a folded stripline cavity
(Britt & Klein, 1987), which can accommodate frozen samples
in conventional 3 mm i.d., quartz EPR tubes. Multifrequency
measurements within the X-band range were achieved by using
different resonators. Both two-pulse (90°-7-180°) and stim-
ulated echo or three-pulse (90°-7-90°-T-90°) data were
collected. The values of 7 in a stimulated echo pulse sequence
were chosen as a multiple of the periodicity arising from the
proton nuclear Zeeman interaction in order to suppress the
modulations arising from protons (Mims & Peisach, 1979).
ESEEM spectra were obtained by Fourier transform using a
modified version of the dead time reconstruction method of
Mims (1984).

Simulation of ESEEM spectra were achieved by using the
density matrix formalism of Mims (1972), together with an
angle-selection averaging scheme for angle-selected ENDOR
(Hurst et al., 1985; Henderson et al., 1985). For a randomly
oriented sample, as in frozen solution, the molecules can as-
sume any orientation with respect to the external magnetic
field, and all contribute to give an anisotropic EPR spectrum.
When the ESEEM was performed at a fixed magnetic field,
only molecules with certain orientations that experience the
same effective magnetic field are selected. For Cu(II)IPNS,
like most square-planar copper complexes studied, the ESEEM
spectrum at g; is contributed only by molecules with g,, parallel
to the external magnetic field. At X-band, when the anisotropy
of the hyperfine interaction is large, there is an overlap between
components of g, and g, and the EPR spectrum shows a
“foldover” with the appearance of some g features at a higher
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magnetic field than g, features. In this situation, molecules
with many different orientations are selected at the g, setting,
and a powder average of many single-crystal spectra is ob-
tained. If the superhyperfine interaction between the Cu(II)
unpaired electron and the nucleus of a particular ligand which
gives rise to an ESEEM is the same for Cu(II) centers in the
sample with different CW EPR parameters, the ESEEM re-
corded at g, would be the same, regardless of a difference of
other ligands (Jiang et al., 1990). The inhomogeneity of the
metal binding site, thus, would have very little effect on the
ESEEM spectrum.

Nitrogen Modulation. The modulation of ESE is attributed
to superhyperfine coupling, arising from the electron—nuclear
interactions and the nuclear quadrupole interactions (NQI).
The frequencies associated with the ESE envelope modulation
function reflect the small splitting of the magnetic energy levels
by this superhyperfine interaction. At X-band, the electron—
nuclear interaction between the Cu(II) unpaired electron and
the remote nitrogen of equatorially bound imidazole is almost
as strong as the nuclear Zeeman interaction (Mims & Peisach,
1978), characteristic of the “exact cancellation” condition
(Flanagan & Singel, 1987). Therefore, for one of the two 4N
manifolds, the two kinds of interactions cancel each other,
yielding three sharp “zero-field” nuclear quadrupole resonance
lines, whose frequencies, v, and »,, are almost solely deter-
mined by the nuclear quadrupole interaction, so that

ve = Yu(e29Q)(1 £ 1/3)
vy = Y(e29Q)(n)

The quadrupole coupling constant and the asymmetry pa-
rameter, e2gQ and 7, respectively, expressing the magnitude
and the symmetry of the quadrupole interaction, therefore,
are determined by the frequencies of these NQI lines.

As long as the “exact cancellation” condition is approxi-
mately satisfied, the NQI parameters can be determined di-
rectly from the frequencies of the three sharp lines. More
accurately, they are determined by spectral simulation. For
the other spin manifold, the nuclear Zeeman splitting is
doubled by the electron—nuclear interaction. One obtains a
line representing a AM; = 2 transition at a frequency twice
as great as the electron—nuclear coupling. Due to the an-
isotropy of the electron—nuclear interaction, this line is
broadened. The electron—nuclear coupling parameter A, and
the effective distance between the unpaired electron and its
interacting nucleus r., assuming a point dipole—dipole model,
are determined by an overall fitting of the double quantum
transition in the ESEEM spectrum at different magnetic fields
and different microwave frequencies.

When there is more than a single nitrogen interacting with
the unpaired electron, the product of ESE envelope modulation
functions of each of them results in the appearance of com-
binations of the N NQI and double quantum lines, whose
amplitudes are a measurement of the number of interacting
nitrogens (Mims, 1972). The relative intensities of these
combination lines as well as the primary NQI lines are de-
termined by the relative orientation of the principal axis of
the electric field gradient (efg) tensor of each interacting
nitrogen to that of the g tensor (Flanagan & Singel, 1987).
But the relative orientation of two principal axis systems
(PAS’s) and the position of each nitrogen relative to the un-
paired electron cannot be uniquely determined in a powder
spectrum, because of the complication of the presence of more
than a single nitrogen. The Euler angles between two PAS’s
and the spherical polar angles of the nitrogen relative to the
g tensor, 8,, ¢,, therefore, are assumed to be 90°, 0° in sim-
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ulations, to obtain the magnitude of superhyperfine tensors.

Deuterium Modulation. In the presence of many nuclei,
the electron spin echo envelope modulation function ¥V, is
given by the product of the modulation functions due to each
nucleus (Mims, 1972). In the presence of several different
kinds of nuclei, the ESEEM function is thus given by the
product of the modulation functions due to each kind of nu-
cleus, e.g., protons, deuterons, and nitrogens:

Vinod(H,D,N) = Vipoa(H) Vipoa(D) Vinea(N)

By dividing the envelope modulation function obtained for a
sample exchanged against D,O with that of the same sample
prepared in H,O, we can eliminate modulations from nitrogen
and from unexchanged protons in order to study the modu-
lation effect of deuterium, so that

Vmod(D/H) = Viog(D) / Vinoa(H)

The modulations arising from deuterons are transformed into
a positive peak at the low-frequency region of the ESEEM
spectrum, while the modulations from protons give rise to a
negative peak at the high-frequency region. These frequency
differences are due to the difference in gyromagnetic ratio
between deuterons and protons. Because the ESEEM spec-
trum of an enzyme in frozen solution is the average of mod-
ulations of many molecules with different orientations, the
dividing procedure would completely eliminate the spectral
contribution from nitrogen and unexchanged protons only if
the average of the product is the same as the product of the
average.

The deuterium modulation is attributed mainly to the
electron—nuclear interaction, because the nuclear quadrupole
interaction is so much smaller (Edmonds et al., 1976). At
X-band, the deuterium Zeeman interaction is much larger than
the isotropic component of the electron—nuclear coupling, so
that the deuterium line in the ESEEM spectrum is centered
about the deuterium Zeeman frequency and split slightly by
the electron—nuclear coupling. However, in the cases of large
anisotropy of the electron—-nuclear interaction and the aver-
aging effect of powder spectrum, the split line normally appears
as a broadened line at the deuterium Zeeman frequency. This
deuterium modulation can be examined in the ratioed data
of both a two-pulse and a stimulated echo ESEEM spectrum.
In a stimulated echo ESEEM, the deuterium modulation
decays faster in the presence of a larger electron—nuclear
interaction, leading to the broadening of the line at the deu-
terium Zeeman frequency in the Fourier transform. In the
spectrum obtained from two-pulse ESEEM data, a stronger
electron—nuclear interaction broadens the first harmonic of
the deuterium modulation line, but has almost no effect on
the second harmonic which arises from the combination of
those two split lines (Dikanov et al., 1981; Shubin & Dikanov,
1983). Therefore, a stronger electron—-nuclear coupling will
result in a two-pulse echo with a faster decaying first harmonic
and a more prominent second harmonic. In this way, two-pulse
ESE is more sensitive than three-pulse ESE to the strength
of the coupling between the Cu(II) unpaired electron and
deuterons.

RESULTS AND DISCUSSION

Cu(INIPNS. The CW EPR spectrum of Cu(IT)IPNS at
pH 6.0 shows that at least 90% of the Cu(lII) is in the same
environment (Figure 1a). The spectrum was simulated with
g = 2.346, A, = 465 MHz, the approximately g, = 2.06 and
A, = 35 MHz. Stimulated ESEEM data for Cu(II)IPNS
together with its Fourier transform, recorded at 8.57 GHz and
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FIGURE 1: EPR spectra of Cu(IT)IPNS at pH 6.0 (a) and at pH 7.1
(b), and of the Cu(II)IPNS-ACV complex at pH 7.1 (¢). Mea-
surement conditions: microwave frequency, 9.089 MHz; microwave
power, 5 mW; modulation amplitude, 5.0 G; sample temperature, 77
K.
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FIGURE 2: ESEEM spectra of Cu(II)IPNS in the absence (pH 6.0)
(a) and presence (pH 7.1) (b) of the substrate ACV. Measurement
conditions: (a) microwave frequency, 8.9262 GHz; magnetic field,
3088 G; microwave power, 56 W; sample temperature, 4.2 K; (b)
microwave frequency, 8.8515 GHz; magnetic field, 3059 G; microwave
power, 41 W; sample temperature, 4.2 K. Simulation parameters
are given in Table I. Solid lines, experimental data; dashed lines,
simulation.

at g = 2.07, are shown in Figure 2a. Three sharp lines are
obtained at 0.46, 1.18, and 1.63 MHz, and a double quantum
line appears at about 4.15 MHz (less intense combination lines
at intermediate frequencies are also seen, and they will be
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Table 1: Superhyperfine Coupling Parameters for Cu(11)IPNS and
the Cu(11)IPNS-ACV Complex Obtained by ESEEM Spectral
Simulations

Cu(1)IPNS-
Cu(II)IPNS ACV

ligand N¢ N¢ Ni¢ N2
Aie (MH2) 1.65 1.65 1.30 2.16
For (A) 3.00 2.80 3.25 3.10
9, ¢ (deg) 90, 0 90, 0 90, 0 90, 0
€290 (MHz) 1.85 1.79 1.78 1.90
7 0.50 0.54 0.68 0.43
a, B,y 0,00 0,00 0,00 0,00

¢The parameters obtained for both '*N’s in Cu(IT)IPNS prepared at
pH 6.0. ®The parameters obtained for both 'N's in Cu(I1)IPNS pre-
pared at pH 7.1. N1 and N2 refer to the remote '*N of the inequiv-
alently coupled imidazoles in the Cu(IT)IPNS-ACV complex.

discussed later). These four lines are characteristic of the
interaction between the unpaired electron of Cu(II) and the
remote nitrogen of the coordinated histidine imidazole under
the condition of “exact cancellation™. For Cu(II)IPNS, the
two low-frequency NQI lines are well separated, as is found
in some type 2 copper proteins (Kosman et al., 1980;
McCracken et al., 1987, 1988a,b). This is different from the
ESEEM spectra of type 1 copper proteins and the Cu(II)-
DET-imidazole model compound where the two lowest fre-
quency NQI lines collapse into one broad line (Mims &
Peisach, 1978, 1979; McCracken et al., 1988a,b).

All ESEEM spectra for Cu(II)IPNS collected at several
g values across the CW EPR spectrum have the same features.
The frequencies of the NQI lines remain unchanged at dif-
ferent magnetic field settings, while the double quantum line
frequency scales with magnetic field. Spectral simulations
carried out at five different magnetic field settings yield values
of 1.85 MHz and 0.50 for the nuclear quadrupole parameters
e?qQ and 7, respectively, and values of 1.65 MHz and 3.00
A for the electron—nuclear coupling constant A4, and the
effective distance r (Table I).

Besides the four characteristic lines of the superhyperfine
interaction between the Cu(II) unpaired electron and '*N of
imidazole, there are also three minor lines at 2.08, 2.81, and
3.27 MHz (Figure 2a). These are combinations of the three
NQI lines, and they are expected to appear when more than
one imidazole is bound to Cu(II) (Mims, 1972). Simulations
of ESEEM and spectra for Cu(II)IPNS at g = 2.07 and v =
8.57 GHz, for one-, two- and three-nitrogen cases, together
with the experimental result, are shown in Figure 3. In the
echo decay data for more than a single nitrogen (Figure 3a,b),
there are extra high-frequency components around the = +
T = 0.1 us region of the decay envelope. Fourier transform
shows that the intensities of the combination lines are pro-
portional to the number of interacting *N nuclei (Figure
3e-g). From a comparison with the experimental results
(Figure 3d,h), it is suggested that there are at least two
equatorially bound histidine nitrogens contributing to the
ESEEM.

However, the intensities of combination lines in the simu-
lated spectrum for two nitrogen are a little greater than for
the experimental results. A possible explanation is that both
nitrogens may not have the same magnetic coupling. A dif-
ference in the strength of coupling, that is, the isotropic com-
ponent of the electron—nuclear interaction A,,, would result
in a difference in their individual contributions to the intensities
of the NQI lines. Their combination would then be less intense
than that for two equivalent nitrogens. When two nitrogens
with slightly different values of A, were used to simulate the
spectrum, the fitting for the intensity of the combination lines
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FIGURE 3: Simulation of ESEEM data and Fourier transforms for
one (¢, g), two (b, ), and three (a, e) imidazole nitrogens interacting
with Cu(II), together with experimental data (d, h) for Cu(II)IPNS.
Measurement conditions: same as in Fi%ure 2a. Simulation param-
eters: Ay, = 1.65 MHz, r.s = 3.00 A, e*qQ = 1.85 MHz, 5 = 0.50,
7 = 152 ns; microwave frequency, 8.9262 GHz; magnetic field, 3088
G.

is improved. When these values were set more than 0.15 MHz
apart, the double quantum line splits in the simulation, and
this is not seen in the data. Therefore, the difference in A4;,,
cannot exceed 0.15 MHz.

Not only does the strength of the magnetic coupling have
an effect on the relative intensities of the combination lines,
a difference in the orientation of the two imidazole planes,
which determines the orientation of the principal axis of the
efg tensor relative to those of the g tensor, would also result
in a difference. Due to the complications of the powder av-
erage effect in a frozen solution measurement, the difference
in the orientation of two imidazole planes and the difference
in the coupling constant of two nitrogens cannot be accurately
determined and are thus assumed to be the same in the spectral
simulation.

When the pH of the sample is raised to 7.1, another Cu(II)
site with g, = 2.320 and A, = 370 MHz, and approximately
g, = 2.05 and A, = 35 MHz, appears in the CW EPR
spectrum (Figure 1b; Ming et al., 1990). The ESEEM of this
sample is almost the same as that of Cu(II)IPNS at pH 6.0,
with slightly greater line width and a slight shift of NQI
frequencies. In the spectrum recorded at 8.87 GHz and 3066
G, three sharp lines are seen at 0.48, 1.14, and 1.63 MHz, and
the double quantum line is at 4.2] MHz (data not shown).
The line broadening and slight shift of ESE resonances suggest
that the imidazole nitrogens in the high-pH Cu(II) site might
have a slightly different coupling from those in the low-pH
Cu(II) site. With the assumption of the same anisotropy in
the electron—nuclear interaction, the values 1.79 MHz and 0.54
are obtained for the nuclear quadrupole parameters 2qQ and
7, respectively, to give the shifted NQI lines in a spectral
simulation assuming equal population of each type of Cu(II)
site. The isotropic part of the electron—nuclear interaction,
Ay, of the high-pH Cu(II) site has to be slightly different from
that of the low-pH site to give the broadened NQI and double
quantum lines. Were the difference in A4, to be more than
0.15 MHz, a splitting would be seen in the double quantum
line obtained in the simulation. As no splitting is seen, the
difference cannot be larger than 0.15 MHz.

Even though the CW EPR spectrum shows that there are
two inequivalent Cu(II) binding sites in Cu(II)IPNS at pH
7.1, very little difference in the *N superhyperfine interaction
between the Cu(II) unpaired electron with histidine imidazole
is observed for the individual Cu(II) binding sites. This
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suggests that the local environment and the strength of
magnetic coupling arising from coordinated histidine nitrogen
is similar in both types of copper sites. Therefore, if the
histidine ligand composition is the same for both Cu(II) sites,
the difference between the two inequivalent binding sites in
Cu(II)IPNS as determined by CW EPR probably arises from
a difference in other ligands, e.g., a difference in the proton-
ation state of a bound water molecule.

Cu(IDIPNS-ACV Complex. ACYV binds to Cu(IIIPNS
at pH 7.1 to form a complex that shows an intense S-to-Cu
charge-transfer band at 385 nm (Ming et al., 1990). Titration
of Cu(IT)IPNS with ACV monitored by the 385-nm band
exhibits a linear relationship of (4 — Ag) vs [ACV] which levels
off at [Cu(I1)IPNS] = [ACV], suggesting the formation of
a 1:1 Cu(IT)YIPNS-ACYV complex with the substrate tightly
bound to the Cu(il). The CW EPR spectrum of the Cu-
(INIPNS-ACV complex (Figure 1¢) is that of a single
paramagnetic species whose spectrum can be simulated with
the parameters g; = 2.234, g, = 2.04, 4, = 498 MHz, and
A, = 54 MHz.

At g = 2.068 and 8.85 GHz, near g, the ESEEM spectrum
of Cu(II)IPNS with substrate is more complicated than the
spectrum of Cu(IT)IPNS alone, as shown in Figure 1b. Three
sharp NQI lines are obtained at 0.40, 1.23, and 1.68 MHz,
shifted from those for Cu(IT)IPNS in the absence of substrate.
The broad double quantum line is now at 4.63 MHz, different
by 0.4 MHz from that seen before. Also there is a new line
at 3.81 MHz, 0.8 MHz lower than for the double quantum
line. This line is so far removed from the double quantum line
that it is likely not due to the anisotropy of the electron—nuclear
interaction at the same transition. It has similar line shape
as the double quantum line, although its shoulder is very close
to one of the combination lines in the spectrum so that it cannot
be clearly resolved when studied at g = 2.068 (Figure 4c).

When the spectrum was recorded at 10.8 GHz and the same
g value, this line scales up with the double quantum line and
assumes the same line shape, with a resolved shoulder at the
low-frequency end, without the interference of the combination
lines (Figure 4a). When the spectrum was recorded at lower
magnetic fields within the EPR line, the 3.81-MHz line scales
down together with the double quantum line and both have
the same shape. At g = 2.175 (Figure 4b), it splits into two
lines, at 3.46 and 3.69 MHz, analogous to the double quantum
line which also splits into two features at 4.17 and 4.41 MHz.

The 3.81-MHz line does not arise from the combination of
the double quantum line (4.63 MHz) with lower frequency
NQI lines in the spectrum. No combination of the double
quantum line with any primary NQI lines would yield a fre-
quency of 3.81 MHz. Also the combination of the double
quantum line with a resultant line arising from more than one
NQI lines would have much weaker intensity than that of the
3.81-MHz line. Therefore, the 3.8-MHz line observed at 8.8
GHz must arise from a double quantum transition of a second
¥N which is more weakly coupled than the first. By spectral
simulation, values of 1.30 and 2.16 MHz were obtained for
the superhyperfine coupling constants, 4, for the two nitro-
gens.

In Figure 2b, we show that the combination lines at 2.06,
2.35, 2.83, and 3.3 MHz for Cu(IT)IPNS in the presence of
ACYV to be very weak and relatively broad. The troughs in
the spectrum suggest that they arise from combination lines
of slightly different primary lines. Because the more strongly
coupled 4N satisfies the “exact cancellation” condition better
than does the weaker one, the primary lines associated with
it would be much more intense than those from the weakly
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FIGURE 4: Double quantum lines of Cu(II)IPNS-ACV. The ESEEM
spectra were recorded at (a) 8.8514 GHz and 3059 G, (b) 8.8514
GHz and 2908 G, and (c) 10.8305 GHz and 3742 G. The arrow
indicates one of the combinations of the NQI lines.

coupled “N. Even if the two sets of primary lines were slightly
different from each other, the strong one would overshadow
the weaker ones so that the NQI lines of the weakly coupled
nitrogen would not be as well resolved.

The differences in the NQI lines of these two nitrogens are
better observed in the spectrum obtained at a longer value of
7. With 7 = 230 ns, the 1.23-MHz line seen at the shorter
7 value splits into two lines, at 1.07 and 1.23 MHz (data not
shown). The same phenomenon is observed in spectra taken
with other longer 7 values at other g values (Figure 7d). The
1.07-MHz line, therefore, must be the second NQI line from
the more weakly coupled nitrogen. If we assume that the
0.6-MHz line, which appears as a shoulder on the 0.4-MHz
line, is the first NQI line of the weakly coupled nitrogen, and
1.68 MHz is the third, then 1.78 MHz and 0.68 are obtained
by simulation for the nuclear quadrupole constants e?qQ and
n, respectively, for this weakly coupled nitrogen. Assuming
that 0.40, 1.23, and 1.68 MHz are the three NQI lines of the
strongly coupled nitrogen, the values of 1.90 MHz and 0.43
for e2¢gQ and 5 are more accurately obtained in the spectral
simulation, since all three NQI lines are very well resolved.

A spectral simulation for two nitrogens, each with different
NQI and superhyperfine couplings, is shown in Figure 5¢,g.
We also show two other simulations, one with two strongly
coupled nitrogens and one weakly coupled nitrogen (Figure
Sa,e), and the other with one strongly coupled nitrogen and
two weakly coupled nitrogens (Figure 5b,f). The simulation
with two nitrogens having different A, values gives the best
fit on the basis of both the relative amplitude of the double
quantum lines and the amplitude of the combination lines.
This suggests that the Cu(II)IPNS-ACV complex has two
inequivalent equatorially bound histidine ligands, with one
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FIGURE 5; Simulation of ESEEM data and Fourier transforms for
one strongly coupled and one weakly coupled (c, g), one strongly
coupled and two weakly coupled (b, f), and two strongly coupled and
one weakly coupled (a, €) nitrogens interacting with Cu(II), together
with experimental data (d, h) for Cu(II)IPNS-ACV. Measurement
conditions: same as in Figure 2b. Simulation parameters: weakly
coupled nitrogen N1, A;,, = 1.30 MHz, ryp = 3.25 A, €2qQ = 1.78
MHz, n = 0.68; strongly coupled nitrogen N2, 4, = 2.16 MHz, r
= 3.10 A, ¢3gQ = 1.90 MHz, n = 0.43, + = 153 ns; microwave
frequency, 8.8514 GHz; magnetic field, 3059 G.

nitrogen coupled to the Cu(ll) unpaired electron almost twice
as strongly as the other.

Effect of ACV. The binding of ACV removes the ligand
inhomogeneity of the Cu(II) site seen at pH 7.1 and changes
the ligand geometry at the Cu(II) site (Figure 1). Without
ACYV, two nearly equivalent histidine ligands are coupled to
Cu(II), on the basis of the similar superhyperfine couplings
obtained for both nitrogens. In the presence of ACV, the
Cu(II) unpaired electron delocalizes differently onto the two
histidine ligands, more to one histidine ligand to make its
coordination more covalent and less to the other to give a
0.86-MHz difference in the isotropic component of the su-
perhyperfine interaction (Table I). This difference of the
delocalization of the unpaired electron to two histidine imid-
azole ligands can arise from a change of geometry at the
Cu(ll) site through a structural change and/or a rearrange-
ment of the orbital directions. The binding of ACV may move
one histidine ligand away from the equatorial plane toward
a more axial position, where the delocalization of the d,z_ .
ground-state unpaired electron is less favorable. Moving a
ligand to a more axial position lengthens the Cu-N bond,
thereby weakening the coupling. The other histidine ligand
may move closer to the equatorial plane to give a stronger
coupling.

Number of Histidine Ligands. Simulations of ESEEM for
Cu(II)IPNS both in the presence and in the absence of ACV
show that two histidine nitrogens give spectra close to the
experimental results. At X-band, for a d,2_» ground-state
Cu(ll), only the remote nitrogen of equatorially bound his-
tidine imidazole has an electron—nuclear interaction close to
the nuclear Zeeman interaction to satisfy the “exact
cancellation” condition so as to produce deep modulations.
Axially bound histidine imidazole nitrogen interacts with
Cu(ll) much more weakly so that the modulation from it is
very shallow (Cornelius et al., 1990). In the presence of two
nearly equatorial histidine ligands, the contribution from an
axial histidine ligand will not likely be observed. Therefore,
our ESEEM results cannot rule out the possibility of the
presence of an additional histidine ligand bound axially. NMR
results for Fe(II)IPNS and Co(II)IPNS suggest that there
are a total of three endogenous histidine ligands bound to the
metal (Ming et al., 1990). If the same structure is maintained
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FIGURE 6: ESEEM data and Fourier transform of Cu(II)IPNS in
the absence (a) and presence (b) of ACV in D,0. The 2.06 MHz
line in both traces arises from deuterium modulations. Measurement
conditions: (a) microwave frequency, 9.0172 GHz; magnetic field,
3118 G; microwave power, 35 W; temperature, 4.2 K; (b) microwave
frequency, 9.0247 GHz; magnetic field, 3118 G; microwave power,
33 W; temperature, 4.2 K.

for Cu(II)IPNS, two of them are nearly equatorially coor-
dinated to the metal and the third, if present, must be axially
bound.

Hydrogen Bonding to the Remote Nitrogen of Histidine
Ligand. The NQI lines of both Cu(II)IPNS and the Cu-
(I IPNS-ACYV complex are similar to those found for type
2 Cu(II) proteins. An early ESEEM study of Cu(II)-coor-
dinated substituted imidazole model compounds had shown
that the NQI parameters are related to the polarization of the
N-H bond (Jiang et al., 1990). The remote N-H bond of
Cu(II)-coordinated imidazole having NQI parameters similar
to those for type 2 copper proteins is much less polarized than
where the remote nitrogen is hydrogen bonded. Therefore,
the remote nitrogens of Cu(II)-coordinated histidine ligands
in IPNS are probably weakly hydrogen bonded. The asym-
metry parameter 7 is lower and the quadrupole coupling
constant e2gQ is higher for the more strongly coupled histidine
nitrogen in the presence of substrate. This suggests that the
N-H bond at this remote nitrogen is less polarized in the
presence of ACV than in its absence.

Cu(IDIPNS in D,0. The possibility of water coordination
to the metal site in Cu(II)IPNS and Cu(II)IPNS-ACV was
examined by studying the ESEEM of the enzyme exchanged
in D,O buffer. The stimulated echo ESEEM data for Cu-
(IDIPNS in D,O (pD 7.1) is shown in Figure 6a. The four
characteristic lines from histidine nitrogens are the same as
for Cu(IDIPNS in H,O at pH 7.1, showing that the nitrogen
nuclear quadrupole interaction and the electron—nuclear hy-
perfine interactions are not changed in D,O buffer. An extra
line at about 2.07 MHz, near the deuterium Zeeman frequency
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FIGURE 7: Comparison of ESEEM spectra of Cu(II)IPNS + ACV
in D,O (a, c) and H,O (b, d) at different r values. At r = 151 ns,
the presence of deuterium modulation increases the intensity of the
double quantum line at 3.81 MHz, while at 7 = 452 ns, the deuterium
modulation is suppressed and no difference is observed in the intensity
of the double quantum lines for the samples in D,O and H,0.

of 2.04 MHz at the measuring magnetic field of 3118 G, is
seen in the spectrum. The frequency of this line scales with
the deuterium Zeeman frequency in spectra obtained at other
magnetic fields and is believed to arise from deuterium in-
teraction. The broad deuterium line is split about 0.1 MHz,
suggesting that there is strong dipolar or contact coupling
between the unpaired electron and deuterons. Therefore, there
must be deuterons in close proximity to the Cu(Il) site.
Cu(I)IPNS-ACYV in D,0. The CW EPR spectrum of
Cu(IDIPNS-ACY is the same in D,0 and H,0. In the
stimulated ESEEM spectrum shown in Figure 6b, there is also
a deuterium line at 2.06 MHz, but with less intensity and
narrower line width, compared to the deuterium line in the
spectrum of Cu(II)IPNS in D,O buffer (Figure 6a). This
suggests that there are less deuterons accessible to the Cu(II)
site when ACV is present, even though water still remains as
a metal ligand (see below). The same nitrogen modulations
attributed to two inequivalent couplings are also seen here.
Contrary to what was observed in the sample prepared in H,O,
where the intensity of the double quantum line (3.85 MHz)
of weakly coupled nitrogen is almost half of that (4.65 MHz)
of the strongly coupled nitrogen (Figure 7b), the intensity of
the double quantum line of the weakly coupled nitrogen here
is almost the same as that of the strongly coupled nitrogen
(Figure 7a). Because the intensity of the double quantum line
is proportional to the number of the nitrogen nuclei equato-
rially bound to Cu(ll), and the simulation for two weakly
coupled nitrogens and one strongly coupled nitrogen has two
double quantum lines of similar intensities (Figure 5f), this
raises a question concerning the assignment made above for
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FIGURE 8: Deuterium modulation data (obtained by the ratio method
described in the text) and Fourier transforms for Cu(II)IPNS (a, d)
and for Cu(IT)IPNS-ACYV (b, ¢). Trace c is the result of dividing
(a) by (b), and (f) is the Fourier transform. The arrows indicate the
negative second harmonic of the deuterium Zeeman frequency.

the number of equatorially bound histidine nitrogens. How-
ever, the combination of one of the nitrogen NQI lines at 1.68
MHz with the 2.07-MHz deuterium line could give a line at
3.75 MHz, close to the frequency of the double quantum line
of the weakly coupled nitrogen. Therefore, the increase of the
intensity of the 3.85 MHz line might be a consequence of
deuterium interaction.

This is demonstrated from the spectra studied at long 7
values, where the multiple of the periodicity arising from the
proton happens to be close to the multiple of the periodicity
arising from deuterons. The modulations arising from the
deuterium interaction, therefore, are also largely suppressed.
At 7 = 452 ns, the broad deuterium line at 2.07 MHz can no
longer be seen, and we would not expect to see the effect of
deuterium modulation on the double quantum lines. Figure
7c,d shows that the relative intensities of two double quantum
lines are the same in the spectra of Cu(II)IPNS-ACYV complex
in D,O and in H,O at this r value, where both deuterium and
proton contributions are suppressed. The same results are also
seen in spectra obtained at other g values. Therefore, the
apparent increase of the intensity of the double quantum line
of weakly coupled nitrogen is due to deuterium interaction.
The conclusion that there are two equatorially bound histidine
ligands remains valid.

Water Coordination. The appearance of deuterium mod-
ulations in stimulated echo ESEEM suggests that the Cu(II)
site of IPNS is readily accessible to the solvent. The two-pulse
spin echo was used to extract the deuterium modulations and
to assess the strength of the coupling between the unpaired
electron and deuterons. For Cu(II)IPNS in D,O, the two-
pulse ESEEM collected at 4.2 K decays very fast so that it
damps to the base line in about 1.2 us. The ratio of two ESE
collected for Cu(II)IPNS in D,0 and H,O only shows two
cycles of deuterium modulations. In order to increase the
phase memory, the temperature was lowered to 1.8 K, which
increases the two-pulse ESE modulation beyond 2.6 us. Figure
8a shows the ratio of the two-pulse ESEEM for Cu(II)IPNS
in D,O with that in H,O. The ratio of ESE envelopes for
Cu(I)IPNS-ACYV in D,0 with that in H,O is different from
that for Cu(II)IPNS alone, as shown in Figure 8b. In the
presence of substrate, the modulation depth of the first har-
monics is shallower and that of the deuterium second harmonic
is relatively stronger (compare Figure 8d with Figure 8e).

Early model studies on the deuterium modulation of Cu-
(II)-mono-, —bis-, and -trisbipyridyl model compounds
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(McCracken et al., 1987) showed that the deuterons on water
molecules that are not coordinated to Cu(II) give an ESEEM
with a periodicity of about 500 ns, corresponding to the deu-
terium nuclear Zeeman frequency of about 2 MHz at 3 kG.
The deuterons on an axially bound water give a stronger ESE
modulation, which yields both the first harmonic and second
harmonic of the deuterium nuclear Zeeman frequency. The
modulation from deuterons on equatorially bound water em-
phasizes the first harmonic of the deuterium nuclear Zeeman
interaction, but it decays faster and, more important, the
second harmonic appears much more pronounced than that
for deuterons on an axial ligand.

The presence of a strong second harmonic of the deuterium
Zeeman frequency of two-pulse ESEEM spectra for Cu(II)-
IPNS and the splitting of the deuterium peak in the stimulated
echo ESEEM spectrum suggest that deuterons are strongly
coupled to Cu(Il). Comparison between the deuterium
modulation obtained for Cu(IT)IPNS and Cu(IT)IPNS-ACV
with that of model compounds suggests that the protein shows
a deuterium modulation comparable to that for deuterium on
an equatorially coordinated water. However, the deuterium
modulation pattern in the model compounds shows only two
periodicities corresponding to first and second harmonics of
deuterium Zeeman frequency, while another low-frequency
modulation can also be observed in the protein spectrum. The
ratio of the intensity of second harmonic to that of the first
harmonic is much greater in Cu(II)IPNS both in the absence
and in the presence of ACV than in models, which suggests
that the coupling of the Cu(II) unpaired electron with deu-
terons is stronger than that in the model compounds studied.
This coupling is so much stronger that the splitting of the
deuterium lines is resolved (about 0.1 MHz) and the difference
of two split deuterium lines is large enough to give an ob-
servable negative low-frequency peak in the Fourier transform
near 0.8 MHz [see Shubin and Dikanov (1983) eq 10].

The ratio of deuterium modulation for Cu(II)IPNS with
that for Cu(II)IPNS-ACV was used to examine the deuterons
that are replaced by ACV (Figure 8c). Fourier transform
shows a strong first harmonic of the deuterium Zeeman fre-
quency and a minor second harmonic, as well as some other
components (Figure 8f). This suggests that the binding of
ACY to the Cu(II) site displaces a coordinated water molecule.
Because of the noise introduced by the double ratioing of
ESEEM data, it cannot be unequivocally determined whether
the coordinated water molecule is equatorially or axially bound.

Concluding Remarks. In this report we have presented
evidence for the presence of two equatorially coordinated His
residues (A, = 1.65 MHz for the remote nitrogen) in the
metal site of IPNS by ESEEM studies. ACV binding to
Cu(IT)IPNS causes a significant perturbation of the magnetic
coupling of the coordinated His residues with the Cu(II) center
so that A4, of the remote nitrogen becomes 1.30 MHz for one
His and 2.16 MHz for the other. The ESEEM studies also
suggest that water, as a ligand of the Cu(ll) in IPNS, is
displaced upon ACV binding.

Hls/’//u.. c s His
Cu

H,0 \
ACV f eou
v vou, Y

Although CW EPR shows two inequivalent Cu(lI) sites in
IPNS at pH 7.1, the two types of Cu(II) sites seem to have
almost identical endogenous environments from the ESEEM
studies, suggesting that the origin of the heterogeneity is due
to an acid-base equilibrium of a coordinated water molecule
with relatively low pK, value. The presence of a coordinated

Jiang et al.

OH-" in the metal site of IPNS might be important for the
enzyme-substrate interaction.
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Electrochemical and Kinetic Analysis of Electron-Transfer Reactions of Chlorella

Nitrate Reductase'
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ABSTRACT: Assimilatory nitrate reductase (NR) from Chlorella is homotetrameric, each subunit containing
FAD, heme, and Mo—pterin in a 1:1;1 stoichiometry. Measurements of NR activity and steady-state reduction
of the heme component under conditions of NADH limitation or competitive inhibition by nitrite suggested
intramolecular electron transfer between heme and Mo—pterin was a rate-limiting step and provided evidence
that heme is an obligate intermediate in the transfer of electrons between FAD and Mo—pterin. In addition
to the physiological substrates NADH and nitrate, various redox mediators undergo reactions with one or
more of the prosthetic groups. These reactions are coupled by NR to NADH oxidation or nitrate reduction.
To test whether intramolecular redox reactions of NR were rate-determining, rate constants for redox reactions
between NR and several chemically diverse mediators were measured by cyclic voltammetry in the presence
of NADH or nitrate. Reduction of ferrocenecarboxylic acid, dichlorophenolindophenol, and cytochrome
¢ by NADH-reduced NR was coupled to reoxidation at a glassy carbon electrode (ferrocene and di-
chlorophenolindophenol) or at a bis(4-pyridyl) disulfide modified gold electrode (cytochrome ¢), yielding
rate constants of 10.5 X 105, 1.7 X 105, and 2.7 X 105 M~ 571, respectively, at pH 7. Kinetics were consistent
with a second-order reaction, implying that intramolecular heme reduction by NADH and endogenous FAD
was not limiting. In contrast, reduction of methyl viologen and diquat at a glassy carbon electrode, coupled
to oxidation by NR and nitrate, yielded similar kinetics for the two dyes. In both cases, second-order kinetics
were not obeyed, and reoxidation of dye-reduced Mo—pterin of NR by nitrate became limiting at low scan
rates. Minimum estimates for NR reduction of 4.3 X 10° M~! s~! were obtained by extrapolation to infinite
scan rate. These results suggest that reoxidation of reduced Mo—pterin by nitrate is rate-limiting for these

Department of Biochemistry and Molecular Biology, University of South Florida, College of Medicine, Tampa, Florida 33612

partial activities of NR.

Intramolecular electron transfers between the prosthetic
groups of assimilatory nitrate reductase (NR)! from Chlorella
serve to conduct reducing equivalents from FAD, the site of
NADH oxidation (Solomonson & Barber, 1990), via heme
to the Mo—pterin? center, where nitrate is reduced to nitrite.
The oxidation—reduction midpoint potentials of the three
centers are consistent with essentially irreversible electron-
transfer reactions in the physiological direction (Kay et al.,
1988) since the electron affinities of the centers are well
separated. In addition to NADH-dependent nitrate reduction,
cytochrome ¢ and a number of low molecular weight mediators
can undergo redox reactions with one or more of the prosthetic
groups. The partial activities which result from these reactions
fall into two categories: NADH dehydrogenase activities, in
which NADH-reduced NR may reduce cytochrome ¢
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(NADH:CR), DCPIP (NADH:DR), or ferricyanide
(NADH:FR), and nitrate-reducing activities, in which reduced
exogenous flavin (FH,:NR), bromophenol blue (BPB:NR),
or MV radical cation (MV:NR) act as electron donors
(Solomonson & Barber, 1990). The relative rates of the partial
activities indicate that NADH dehydrogenase activities are
several times faster than the nitrate-reducing activities.
Further evidence that rate limitation is associated with nitrate
reduction was obtained from the observation that the heme
is >80% reduced under conditions of optimal turnover (Kay
& Barber, 1986). In the present study, we have investigated
whether the NADH dehydrogenase and nitrate-reducing

! Abbreviations: DCPIP, 2,6-dichlorophenolindophenol; DQ, diquat
(6,7-dihydrodipyrido[1,2-a:2’,1’-c]pyrazinediium); EDTA, ethylenedi-
aminetetraacetic acid; FRC, ferrocenecarboxylic acid; G6P, p-glucose
6-phosphate; G6PDH, NADH:D-glucose dehydrogenase (EC 1.1.1.49);
MOPS, 3-(N-morpholino)propanesulfonic acid; MV, methyl viologen
(1,1’-dimethyl-4,4’-bipyridinium dichloride); MV:NR, reduced methyl
viologen:nitrate reductase; NADH:CR, NADH:cytochrome ¢ reductase;
NADH:FRCR, NADH:ferrocenecarboxylic acid reductase; NR, nitrate
reductase; LSV, linear sweep voltammetry; NHE, normal hydrogen
electrode; GCE, glassy carbon electrode.

2 The term “Mo—pterin” refers to the complex of Mo, molybdopterin,
and associated protein ligands to Mo.
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