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ABSTRACT: A pulsed electron paramagnetic resonance study has been performed on the type 2 copper site
of nitrite reductase (NiR) fromlcaligenes faecalisThe H145A mutant, in which histidine 145 is replaced

by alanine, was studied by ESEEM and HYSCORE experiments at 9 GHz on frozen solutions. This
mutant contains a reduced type 1 copper site which allowed a selective investigation of the type 2 site of
H145A and of its nitrite-bound form H145A (NO). The experiments yielded hyperfine and quadrupole
parameters of the remote nitrogens of two of the histidines in the type 2 copper site of the protein and
revealed the changes of these values induced by substrate bikthay ( and*NO,~). The HYSCORE
experiments displayed a signal BNO,~ bound to H145A, from which hyperfine parameters of the
nitrite nitrogen were estimated. The small isotropic hyperfine coupling, 0.36 MHz, of the nitrite nitrogen
(**N) suggests that the substrate binds in an axial position to the copper in the type 2 site and that the
molecular orbital containing the unpaired electron extends onto the substrate. This and other changes in
the EPR parameters occurring after nitrite binding suggest a change in electronic structure of the site,
which most likely prepares the site for the catalytic reaction. We propose that this change is essential for
the reaction to occur.

The global nitrogen cycle is governed in part by life- His145
dependent processes, one of which deals with the denitrifi-
cation of soil and aqueous systems. Bacterial denitrification His95
is mediated by copper- and heme-containing enzymes, such Cu
as the copper-containing nitrite reductase (NiR). NiR @
catalyzes the reduction of nitrite to nitric oxide according to
the overall reaction: Cysl36 Met150
His306

NO,” +2H" +e —NO+ H,0 %
@ His135

The X-ray structure revealed that these nitrite reductases
(2, 3) are homotrimers and contain two distinct copper sites Cu
per monomer: a type 1 and a type 2 site (Figure 1). The
type 1 copper site has the typical coordination of blue copper
proteins (two nitrogens deriving from two histidine residues, His100
a sulfur of a cysteine, and a weaker axial sulfur ligand from Ficure 1: Ligation of the two copper ions in the active site of

a methi.on'in.e). AF the type 2 site, copper is coordinated by nitrite reductase. The copper in the type 1 site (upper part of the

three histidine nitrogens and a water molecule. The two figure) is bound to the two Ns of His95 and His145, the sSof

copper sites are directly linked by a Cydis bridge (see Met150, and the Sof Cys136. The copper in the type 2 site (lower
part of the figure) is bound to the three’slof His135, His100,

His306. Th f th t lecule bound to the t
T This work was performed under the auspices of the BIOMAC gnsﬁte Iizgsfown_e oxygen ot the water molecule bound fo the type

research school of Leiden University.
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+31 71 527 5560. Fax:+31 71 527 5819. E-mail: mhuber@ Figure 1). The distance between the copper ions is about
molphys.leidenuniv.nl. 12.5 A. The type 1 site of NiR functions as an electron

* Department of Molecular Physics, Huygens Laboratory, Leiden : L .
University. transfer site 4). The type 2 copper site is the catalytic site
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! Abbreviations: NiR, nitrite reductase; EPR, electron paramagnetic was characterized in detail by structural studi&s$y, which

resonance; ESEEM, electron spiecho envelope modulation; HY-  ghawed that the nitrite binds via the oxygen atoms. In these

SCORE, hyperfine sublevel correlation; ENDOR, electron nuclear . . L
double resonance; H145A, mutant of NiR; SOMO, singly occupied Studies the substrate was suggested to bind to the oxidized

molecular orbital. type 2 copper site. According to this result and other
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investigations 7—9), substrate binding precedes electron  All measurements, cw EPR, ESEEM, and HYSCORE, on
transfer from the type 1 to the type 2 site, although recent frozen solutions were performed ugia 9 GHz ELEXSYS
evidence points in the direction of a random sequential E 680 spectrometer (Bruker, Rheinstetten, Germany). The
mechanism (H. J. Wijma, unpublished results). The nitrite cw EPR spectra were acquired at 40 K. The amplitude and
is converted at the type 2 copper site into nitric oxide (NO), frequency of the modulation were respectively 0.5 mT and
and an NO-bound form of the enzyme has been characterizedl00 kHz. The spectra were recorded using a microwave
by crystallography ). power of 0.6 mW, and the total measurement time was 21
EPR studies revealed changes in the electronic structureMin Per spectrum.
of the type 2 copper site upon nitrite binding, such as a The ESEEM and HYSCORE experiments were performed
Change in the copper hyperfine interacti(}hzzx and an at 10 K. The ESEEM data were acquired using the pulse
increased rhombicity of thg-tensor (0). No interpretation ~ sequencer/2—t—n/2—T—nx/2—7—echo. To compensate for
of these changes with respect to the mechanism was givenblind spots, spectra were measured usingalues of 140,
An electron nuclear double resonance (ENDOR) study at 188, and 212 ns. The foIIowing parameters were used: Iength
X-band (9 GHz) of NiR 11) and ENDOR studies at Q-band ~ Of the 77/2 pulse,t-> = 16 ns; starting timeT = 200 ns;
(34 GHz) of NiR and mutants thereolZ, 13) revealed time incrementsAt = 16 ns; and number of points used,
changes in the hyperfine coupling of the coordinating 1500. A four-step phase cycle was used to remove artifacts
nitrogens of the type 2 copper site upon binding of nitrite from unwanted echoed4¥). For each step of the phase cycle
but did not reveal any nitrite signal. The absence of a nitrogen the number of time traces accumulated was one for the
signal of nitrite was ascribed to the binding of nitrite in an ESEEM experiment at the intermediate magnetic field value

axial position from which a weak coupling is expected. ~ Of the EPR spectrum (cf. Figure 2) and four for the low-
and high-field values. For both ESEEM and HYSCORE

measurements, a shot repetition time of 3.2 ms and 20 shots
per loop were used.

Data processing was done using the Xepr program (Bruker,
Rheinstetten, Germany). The ESEEM time traces were
baseline corrected using an exponential decay function,
apodized with a Hamming window, and zero filled. After

We performed electron spirecho envelope modulation
(ESEEM) and hyperfine sublevel correlation (HYSCORE)
experiments at X-band on the H145A mutant of NiR from
Alcaligenes faecaliend its nitrite-bound complex. In this
mutant, where histidine 145 is replaced by alanine, the
midpoint potential of the copper in the type 1 site has
increased by several hundreds of millivolts, and it is easy, . ) . .
therefore, to keep the site reducad)(and, thus, EPR silent. the Fourier transformation of the real and imaginary part,
This situation is ideal for the EPR investigation of the type (€ absolute value was calculated. _

2 site of NiR where nitrite binds. The aim of the present ~ 1he HYSCORE spectra were recorded using the pulse
study was to look for the nitrogen of the substrate nitrite S€duencer/2—t—a/2—t—a—t,—a/2—7—echo. A four-step
bound to the type 2 copper site. At the X-band, deep phase cycle was u;ed to remove artifacts from unwanted
modulations in the ESEEM spectra are expected for weakly €choes 15). To realize the pulse sequence, four different
coupled nitrogens, with an isotropic hyperfine coupling of pulse channels were utilized. The following parameters were
the order of 2 MHz, thus increasing the chances to detect Used: length of the pulse,, = 32 ns and, = 28 ns;z =

a weakly coupled nitrite nitrogen. The two-dimensional 144 ns; starting time; = 56 ns and, = 200 ns; and time
HYSCORE experiment has intrinsically a higher resolution increments,At = 24 ns (data matrix 256< 256). Two
and simplifies the interpretation of ESEEM spectra by different pulse channels provided thé2 andz pulses. This
allowing detection of the correlation of the nuclear sublevels allowed an independent variation of the microwave power
of the two electron spin manifolds. The search for the level and of the excitation bandwidth. For each step of the

hyperfine coupling of the nitrite nitrogen is motivated by Phase cycle one sweep was used. The total measurement time
the fact that it is the most direct way to determine the Was about5 h. A bandwidth filter setting of 50 MHz was
delocalization of the singly occupied molecular orbital €mployed.

(SOMO) onto the substrate. Combining this result with the ~ Data processing was done using the Xepr program (Bruker,
other changes of the EPR parameters of the type 2 site uporRRheinstetten, Germany). The HYSCORE time traces were
substrate binding enabled us to propose a model for thebaseline corrected using a linear fit for both the real and

electronic changes of the site upon nitrite binding in relation imaginary part, apodized with a Hamming window, and zero
to the reaction mechanism. filled. After the Fourier transformation, the absolute values

were calculated in order to obtain contour plots.
The cw EPR spectra were simulated using the Bruker
MATERIALS AND METHODS program SYMFONIA. The ESEEM spectra were simulated
according to the procedure described elsewhHe Simula-
The construction of the H145A mutant, protein prepara- tions of the HYSCORE spectra were performed using an
tion, and purification have been described elsewha#y. (  €xtension of the program for the ESEEM simulatioh)(
The Cu content was 2.0 per monomer, indicating full
occupation of the type 1 and type 2 sites.

The solutions used for the EPR experiments had a Figure 2 shows the 9 GHz cw EPR spectra of frozen
concentration of approximately 0.7 mM protein with 30% solutions of NiR and of H145A without and with nitrite
glycerol and 35 mM MES at pH 6.0. For the solutions with bound. As indicated in Figure 2A, the EPR spectrum of NiR
nitrite bound to H145A approximately 6 mM NaN@vas is a superposition of the EPR signals of the type 1 and type
added. 2 copper sites. The EPR signal of H145A (Figure 2B) derives

RESULTS
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the ESEEM pattern of H145A upon binding of nitrite. A
shift of the broad band around 3.5 MHz toward lower
frequencies, a broadening of the bands, and a decrease in
intensity of the bands around 6-6.8 MHz are observed as

a result of nitrite binding. Much smaller differences are
observed between the ESEEM spectra of H145A{N@ith
MNO,~ and™NO; . When!NO, is replaced by**NO,",

the ESEEM spectra remain largely unchanged except for the
marked feature in Figure 3B,E.

In Figure 4, the HYSCORE spectra of H145A (Figure 4A)
and of H145A (NQ"), with **NO,~ (Figure 4B) and>NO,~
(Figure 4C), are shown. In the HYSCORE spectrum of
H145A, prominent features are ridges in the- quadrant
at (3.87, 1.54) and (3.80, 0.80) MHz, labeled d and e, and

l N A €. HI4SA(NO,) ridges in the—+ quadrant at{4.19, 1.46), {4.20, 0.83),
——/W\/\\/\f——‘T and (—3.87, 1.54) MHz, labeled a, b, and d1, which run
r r . . < r . parallel to thev, frequency axis. Prominent diagonal peaks
024 026 028 030 032 034 03 038 040 occur in the++ quadrant around (1.5, 1.5), (0.8, 0.8), and

Magnetic field (T) (0.6, 0.6) MHz. In the HYSCORE spectra of H145A (D)

Ficure 2: cw EPR spectra of frozen solutions of (A) NiR, (B) (Figure 4B,C), ridges running parallel to the frequency
H145A, and (C) H145A (N@). The spectra have been acquired . 7
at different microwave frequencies: 9.48 GHz (A), 9.73 GHz (B), axis are present around (3.57, 0.88) and (3.74, 1.55) MHz,

and 9.74 GHz (C). The features marked with an asterisk in (B) labeled e and d, respectively. The HYSCORE spectra differ
and (C) are artifacts of the spectrometer. The arrows indicate thefrom that of H145A, in that the frequencies of the ridges
magnetic field values at which the ESEEM spectra have been gecrease, while the ridges corresponding to a and d1 in
acquired. H145A can no longer be distinguished. Compared to H145A
14 — 5 —

Table 1: g Values and Copper Hyperfine Parameters of the Type 1 (*NO.7), the H.YSCO.RE spectrum (.jf H145N N .
and Type 2 Copper Sites of wt NiR and the H145A Mutant shows an additional ridge (labeled f in Figure 4C), which
runs almost perpendicular to the diagonal starting from

A:NiRWT

EPR signal (arb. units)

B: H145A

enzyme copper site mT .
ey PP Gez Gy G« An(mT) approximately (1.5, 1.5) MHz.
wt NiR typel  2.1951 2.053 2.025 7.5 _ _ o
type2 2358 2.0® 2.076¢ 13.0 Data Analysis.The nuclear spin Hamiltonian of each
H145A type2  2.368 2.088 2.081 12.6 nucleus coupled to the unpaired electron spgh={ /)

H145A(NQ) type2 2315 2130 2045 109  (onsists of the nuclear Zeeman interaction, the hyperfine
#Values obtained from cw EPR measurements at 95 GHz (Fittipaldi interaction, and, for nuclei witH = 1, the quadrupole

et al., manuscript in preparation); remaining parameters from simulation interaction:

of the 9 GHz EPR spectra. ’

from the type 2 copper site. Comparison between parts A Ho = =Gufn 1 Bo + [Sqﬂéﬂl nt | “QDI n 1)
and B of Figure 2 reveals small differences in tpeand )

A, values of the type 2 copper sites (see Table 1). Figure Where g is the nuclearg-factor, fn the nuclear Bohr
2C shows the EPR spectrum of H145A with nitrite bound. MagnetonB, the external magnetic field, the nuclear spin
The EPR parameters, princigaalues and coppel,, value, angular momentum operatdiflthe expectation value of
of H145A change upon nitrite binding. The simulations of the electron spin angular momentum operator in the two
the EPR spectra yield thgevalues and the copper hyperfine electron spin manifoldsA, and Q, the hyperfine and
parameters of the different enzymes (cf. Table 1). In quadrupole tensors, respectively.

particular, a decrease of tigg andA,, values and an increase For a nuclear spih= 1, for each of the two electron spin
of the rhombicity of theg-tensor are observed upon binding  manifolds ¢, ), three transitions between the nuclear
of nitrite to H145A (see Table 1). sublevels are possible, two single-quantum (sq) transitions

In Figure 3, the X-band ESEEM spectra of frqzen solutions \yith |AM,| = 1 and one double-quantum (dq) transition with
of H145A (upper traces) and of H145A (NQ, with *NO;~ IAM|| = 2.

(middle traces) anéPNO,~ (lower traces), are shown. The

ESEEM spectra were acquired at three magnetic field values. In th_e ;,o-ca]l_led _cancell_anon C%nd't'om“s"' IrNV th|, thle
corresponding to different orientations of the magnetic field SOWOPIC hyperfine interactions;) about cancels the nuclear

with respect to they axes. Spectra acquired avalues of Zeeman i_nteraction in thee electron spin manifold (assuming

140 and 188 ns are shown. The ESEEM spectra of H145A Aiso POSitive). As a consequence, the ESEEM frequencies

are characterized by several intense bands below about 1. #ithin this manifold are approximately the nuclear quadru-

MHz and by broad bands between 2.5 and 4.5 MHz. The Pole (NQ) frequenciesyo, v-, andv.. These frequencies

bands below 1.7 MHz show little orientation dependence of obey the relation

the frequencies, while their relative intensities change

considerably upon changing the orientation and vot v =v, (2
Comparison of the ESEEM spectra (Figure 3) of H145A

with and without nitrite bound reveals an overall change in The quadrupole parameters of the nucléefgQ/h| = 4K
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FiGURE 3: ESEEM spectra of frozen solutions of H145A, H145ANO, "), and H145A {®NO,™) (upper trace, middle trace, and lower
trace in each panel, respectively). The ESEEM spectra in (A), (B), and (C) have been acquired at low, intermediate, and high magnetic field
values as indicated by the arrows in the EPR spectra of Figure 2 and usingliae of 140 ns. The ESEEM spectra in (D), (E), and (F)
have been acquired at the same low, intermediate, and high magnetic field values andwsaigeaof 188 ns.

andn are given by oLthe ddouble—quantum transition, the value A&, can be
obtained from
vy = 2Kz
2 2
— Vagg — Y+
- =K@- =
v ( 77) |A150| 8V| (4)
v, =K@B+17) (3)

provided that the anisotropic hyperfine coupling is small
At these frequencies in the ESEEM spectra narrow lines compared toAs, (18).
appear, the position of which is approximately orientation-  The remote nitrogens of the histidines coordinated to
independent. In the other electron spin manifgl), (the copper centers havés| values of +-2 MHz (19, 20). They
hyperfine and the Zeeman interaction add and three transi-meet the cancellation condition at about 9 GHz. For these
tions exist, two single-quantum transitions3) and one  nitrogens,vqqs appears in the ESEEM spectra as a broad
double-quantum transitionw{y5). The lines atvsf3's are feature around 4 MHz.
generally not visible in the ESEEM spectra of powders due  The HYSCORE spectra contain cross-peaks which allow
to the large inhomogeneous broadening. From the frequencyto correlate nuclear frequencies of theand 8 manifolds.
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Ficure 4. HYSCORE contour plots for frozen solutions of (A) H145A, (B) H145ANO, "), and (C) H145A ¥NO,7), acquired at the

respective intermediate magnetic field values using 144 ns. To facilitate comparison, contour levels of the three HYSCORE spectra
were calculated at the same values.

For remote nitrogens, three peaks are expected, thosdnthe HYSCORE spectrum of H145A (Figure 4A), the ridges
correlatingvo, v—, andv. with vyqs. Moreover, for nitrogens  in the —+ quadrant have a higher resolution than those in
close to cancellation, correlation peaks can occur at the samehe ++ quadrant. Therefore, the ridges in the- quadrant
time in the++ and in the—+ frequency quadrant22Q). are used as the starting point of the analysis. The ridges a
Diagonal peaks are also present in the HYSCORE spectraand b, which run parallel to the, frequency axis, reveal
due to the nonideality of the pulses generating an incompletethat 0.83 and 1.46 MHz correspond to NQ resonances
inversion of the magnetization by thepulse (5). originating from thea electron spin manifold22, 23). They
Analysis of HYSCORE and ESEEM Spectra of H148A. are correlated to the frequency 4.19 MHz, ig. This
the HYSCORE spectra, nuclei close to cancellation can haveindicates that the frequencies 1.46, 0.83, and 4.19 MHz
peaks in both quadrants, thet+ and the—+ quadrants, belong to the same nucleus, to which we will refer asIN
albeit with different relative intensities. As a consequence, addition, the ridges d1, d, and e show that 1.54 and 0.80
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Table 2: Quadrupole and Hyperfine Parameters of the Remote
Nitrogens of the Coordinated Histidines {NNy) and of N of NQ~
from HYSCORE and ESEEM Results

eqQ/h? |Assol Tl

enzyme (MHz) n (MHz) (MHz)
H145A Na —1.53 0.76 1.88
Nb —-156 0.90 157
H145A (NO;")  Na -15% 076 1.69
b -1.56¢ 090 141

N(NO,) 0.50 0.90

HN(NO,) 5.66/ 0.3 0.36 0.64

aNegative sign according to réf7. ® Quadrupole values of Nand
Np used in the simulation for H145A (NO) and obtained for Nand
Np in H145A. ¢ Ais, value calculated according to the shift observed
for Ny (see text) Quadrupole parameters of tH& nucleus of nitrite
in a model compound2@) and used in the simulations of the ESEEM
spectra. The hyperfine parametersi(NO,~) were calculated from
those of®N(NO, ") taking into account the different nuclegwalues.

MHz are NQ resonances that are correlateap = 3.87
MHz. Thus, the frequencies 0.80, 1.54, and 3.87 MHz belong
to a second nucleus, to which we will refer ag N

Fittipaldi et al.

v, (MHz)

v, (MHz)
Ficure 5: Simulation of the HYSCORE contour plot corresponding

The correlations show that the bands in the ESEEM spectraio the 15N nucleus of nitrite in the type 2 copper site (see text).

of H145A at (0.59, 0.84, 1.44) MHz (high field, Figure 3C),
at (0.58, 0.84, 1.47) MHz (intermediate field, Figure 3B),
and at (0.61, 0.82, 1.46) MHz (low field, Figure 3A) derive
from nucleus N and represent the NQ frequencies, (v—,

MHz, the value at which the ridge intersects the diagonal.
For a nuclear spih= Y/,, two transitions between the nuclear
sublevels are expected, one for each electron spin manifold,

v+) of Na. From these frequencies the quadrupole parametersy,, andv;. The HYSCORE spectrum of a powder of such a

|€2qQ/h| = 1.53 MHz andy = 0.76 are obtained. These NQ
lines are correlated withg = 4.19 MHz. This results in
|Aiso| Of 1.88 MHz (eq 4) for N (cf. Table 2).

The HYSCORE features corresponding tgilticate that
the frequencies 0.80 and 1.54 MHz represenand v, of
Np. This suggests that for this nucleus= 0.74 MHz, and
bands around 0.7 MHz are indeed visible in the ESEEM
spectra. From the NQ frequencies of this nucleus, the
quadrupole parametefgqQ/h| = 1.56 MHz andy = 0.90
are obtained. The HYSCORE spectrum shows thahab
vag = 3.87 MHz, revealing aiAiso| of 1.57 MHz (cf. Table
2).

Analysis of HYSCORE and ESEEM Spectra of H145A
(NG,). As the frequencies of the HYSCORE ridges and

spin system has ridges running approximately perpendicular
to the frequency diagonaR4). For H145A {5NO,"), the
extent of the ridges shows the anisotropy of the nitrogen
hyperfine coupling ofSNO,~. From the extension of these
ridges, measured parallel to either one of the two frequency
axes of the 2D spectrum, an estimate of the hyperfine
parameters can be obtaingdf). Assuming an equal sign of
Aiso and T, an isotropic hyperfine couplingiso| of 0.50 &

0.2 MHz and an anisotropy paramef&fof 0.90+ 0.2 MHz
results. The simulation of the HYSCORE signal using these
hyperfine parameters is shown in Figure 5. Since the
hyperfine parameters have been derived from the HYSCORE
spectrum acquired at one value B, the full anisotropic
hyperfine tensorZ5) has not been obtained. The point-dipole

ESEEM bands associated with the single-quantum transitionsapproximation cannot be applied for the analysis because of

do not change significantly upon binding nitrite, we conclude

the small distance between the copper and the nitrogen of

that the NQ frequencies of the nitrogens are conserved. Thenitrite (2.48 A).

frequencies of the bands corresponding to the double-

Simulations of the ESEEM Spectri@imulations of the

quantum transitions decrease in the ESEEM and HYSCOREESEEM spectra of H145A (N©) are performed to deter-

spectra, showing that the isotropic hyperfine couplings of
the nuclei decrease (cf. Table 2). Due to the reduction of
the isotropic hyperfine coupling and to the increased width
of the NQ lines, the HYSCORE ridges ot land N, cannot

be distinguished anymore. We therefore assumeAgabf

Na and N, is reduced by the same amount upon binding of
NO,™ to the site. The reduced intensity of the NQ bands in

mine the relative contribution to the spectra of thgdxd

Ny nitrogens versus the NO nitrogen, in particular to
understand why the NO nitrogen signal seems to contribute
so little to the ESE modulations. Figures 6 and 7 show the
result of such simulations. The middle traces in Figure 6
show the simulated contribution to the ESEEM spectra of
the N, and N, nitrogens. The parameters used for the

the ESEEM spectra can be a consequence of either thesimulations are those reported in Table 2. FgaNd N, the

smaller hyperfine couplings or a variation in the relative
orientation between the principal axes of tidensor and
the quadrupole tensor of the respective nitrog@. (
Signal of Nitrite Bound to H145Alhe HYSCORE signall
of the N (I = /,) nucleus of H145A®NO,") appears in
the ++ quadrant of the 2D spectrum (see Figure 4C, f),
indicating thatA,{**N) < 2v, (24) and that the ridges are
centered aty, v). At Bp = 0.33 T,», of >N equals 1.42

guadrupole values were used as determined for the unbound
form of H145A. For the hyperfine tensors of these nitrogens
only isotropic contributions were considered. The orientations
of the quadrupole tensors are not meaningful, since their
relative orientation with respect to tigetensor is not known.

To simulate the ESEEM spectra of the nitrogen®fO,~
bound to H145A, the quadrupole parameters for the nitrite
nitrogen were taken as determined from an ESEEM study
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Ficure 6: Simulations related to the ESEEM spectra of H145MQ,™) at low (A), intermediate (B), and high (C) magnetic field values
for a value of 140 ns. Each panel shows the simulated ESEEM spectrum corresponding to the contributidgfNohtieeus of nitrite
(lower trace), the simulated ESEEM spectrum corresponding to the contributionsamfdNN, (middle trace), and the simulated ESEEM
spectrum corresponding to the contributions gf Ny, and thel“N of nitrite (upper trace).
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Ficure 7: Simulations related to the ESEEM spectra of H145AQ,™) at low (A), intermediate (B), and high (C) magnetic field values
for a value of 140 ns. Each panel shows the simulated ESEEM spectrum corresponding to the contributidgfNohtieeus of nitrite
(lower trace), the simulated ESEEM spectrum corresponding to the contributionsamid\N, (middle trace), and the simulated ESEEM
spectrum corresponding to the contributions gf Ny, and the'®N of nitrite (upper trace).

e

w-
o
o
oo
o

=3
o

o
)

of a model compoundefqQ/h = 5.66 MHz andy = 0.31) in the simulations shown in Figure 6 are chosen such as to
(26). The NQ frequencies/, v—, v+) corresponding to these  reproduce the marked feature in the experimental ESEEM
quadrupole parameters are 0.9, 3.8, and 4.7 MHz, respecspectrum of H145A with“NO,~ bound (Figure 3, intermedi-
tively, and in Figure 6, lower traces, the result of the ate field). The frequency of this feature coincides ap-
simulation is shown. Except for the intermediate orientation, proximately withvy of 2¥NO,~ and can thus be attributed to
the intensity of the bands for tHéNO,™ nucleus is smaller  *NO,". Indeed, this band is absent in the ESEEM spectrum
than for N, and N,. The upper traces of Figure 6 show the of H145A with '>NO,~ bound. For comparison, the simula-
result of simulations including three nuclei {N\N,, and N tions of H145A with™>NO,™ bound are reported in Figure
of NO;7), to be compared with the experimental ESEEM 7. These simulations show that tH&l of SNO,~ produces
spectra of Figure 3. The bands of the experimental ESEEM a change in the amplitude and line width of the ESEEM
spectra are generally broader than the simulated onesbands (mainly at intermediate field), but there are no intense,
especially the double-quantum transitions around 3.5 MHz. narrow bands to be expected for this nucleus. The simulation
These differences originate from the omission in the simula- of the ESEEM and HYSCORE spectra confirms that,
tions of the anisotropic part of the hyperfine interaction of although the ESEEM signal of the nitrite nitrogen is quite
the two remote nitrogens. The relative intensities of the bandsweak and not clearly distinguishable from the other contribu-
at the NQ frequencies, which depend strongly on the tions, it is revealed by HYSCORE experiments. The in-
anisotropic hyperfine tensors and the orientation of the creased spectral resolution of the two-dimensional experiment
quadrupole principal axe2(), are also not reproduced. allowed a resolution of the nitrogen signal of nitrite.

The simulations confirm that the modulation originating
from the nitrogen in nitrite has generally lower intensities DISCUSSION
with respect to that of Nand N,. The orientations of the The electronic structure of the substrate bound to the active
principal axes of the quadrupole and hyperfine tensors usedsite of NiR is investigated by HYSCORE and ESEEM
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spectroscopy on the resting state of the enzyme and theH145A (NO,") might well indicate an axial binding of nitrite
substrate-bound form. Experiments were performed on thethrough the formation of a coppenitrite bond involving
H145A mutant, in which the absence of the type 1 copper the copper & orbital. Both the value ofA,, and the

signal (L4) allows to selectively investigate the type 2 copper
site. This enabled to perform ESEEM and HYSCORE
experiments along the three principal directions of the

rhombicity of theg-tensor indicate that the type 2 copper
site of H145A adopts a more type 1-like character upon
binding of NG

g-tensor of the type 2 copper site, which are not accessible Nitrogen Hyperfine and Quadrupole Parameters of the

using wild-type NiR. The cw EPR spectra of H145A and
H145A (NO,") (Figure 2) show the full conversion of the
type 2 site to the nitrite-bound form, unambiguously proving
that the ESEEM and HYSCORE results derive from a single
species.

The X-band ESEEM and HYSCORE experiments on
frozen solutions of H145A yield hyperfine and quadrupole

Type 2 SiteThe two inequivalent nitrogens,Nand N, in
H145A are assigned to the remote nitrogens of two histidines
on the basis of their quadrupole parameters. These parameters
are similar to those of the protonated nitrogens of solid
imidazole 32).

Previously, from ENDOR spectroscopy at Q-band on NiR,
isotropic hyperfine couplings of 36.7 and 30.5 MHz for two

parameters of two nitrogens of the type 2 copper of the copper-bound nitrogens of histidines were report&d).(
enzyme and reveal the changes of these values induced byAssuming that the ratio ok, of coordinated versus remote

nitrite binding ¢“NO, ™) (Table 2). By isotopic substitution

nitrogens in histidines is 208@), the values of the remote

(**NO;"), the spectral signatures of the substrate nitrogen nitrogens N and N, from the ESEEM experiments would

are unambiguously identified. The HYSCORE experiments
displayed a signal of®NO,™~ bound to H145A, from which

hyperfine parameters of the nitrite nitrogen were estimated.

correspond toAi, values of 37.6 and 31.4 MHz for the
coordinated nitrogens, in good agreement with the values
of Veselov et al. 12). In our work, no indication of a

We will discuss the results obtained and compare them with hyperfine coupling of the third histidine of the site is found.

those from related investigations in the literature.
The cw EPR Spectr&imulation of the X-band cw EPR

Veselov et al. 12) assign a hyperfine coupling of 18.8 MHz
to the coordinating nitrogen of the third histidine. The

spectra of NiR and its mutant H145A with and without nitrite  corresponding remote nitrogen in that case would have a
bound yields the copper EPR parameters of the different hyperfine coupling too far from cancellation to produce
enzymes and their change upon nitrite binding (Table 1). signals that would be strong enough to be detected by
The cw EPR spectra at X-band reveal a slight increase of ESEEM in the presence of the intense quadrupole transitions
0,zand a decrease of thg, values of the type 2 copper site  of the other nitrogens. Upon binding nitrite to the site, the
of H145A with respect to NiR. Notably, these changes in A, values of N and N, decrease by approximately 11%, in
the type 2 copper site are induced by a change in the firstagreement to what is observed for the coordinating nitrogens

coordination of the type 1 copper site, 12.5 A away from

in ref 12. This reduction ofA is in the same range as the

the type 2 site. Similar observations were previously reported reduction of the coppef; upon nitrite binding (Table 1).

(4) for another mutant of NiR, in which the methionine axial
ligand of the type 1 copper was replaced by a glutamate.

The changes in the line width and intensity of the bands in
the ESEEM spectra suggest that in addition to the reduction

The EPR parameters of the H145A mutant, although not of A, there could also be a change of the relative orientation
identical to those of the wt NiR, are close enough to consider between the quadrupole tensor principal axes of these
the type 2 site of this mutant a proper model to study the nitrogens and thg-tensor principal axes upon binding nitrite.

binding of NG~ in NiR. As Table 1 shows, the changes of
the g values and oA, going from wt NiR to H145A are
minor compared to the changes upon N®inding. This
binding reduceg,; by as much as 0.053, results in a large
rhombicity @yy — g« = 0.085), and reduces the valueAy

to 118 x 10* cm™. This brings A;; out of the range
commonly observed for type 2 copper sitesl@0 x 104
cm1) (27). Also, the significant rhombicity is not compatible
with the close to axiafi-tensor characteristic of most type 2
sites (cf.gyy — g = 0 and 0.007 for the type 2 site of wt
NIiR and H145A, respectively). For type 1 copper sites the
rhombicity is usually bigger, as the present case of NiR
(0.030) reveals as well. It is interesting to compare the
rhombicity of theg-tensor of H145A (N@) with that of
azurin £8), which contains a typical type 1 copper site, and
that of the M121Q mutant of azuri29) with a copper site
resembling that of stellacyanii3@). While the rhombicity

This could be brought about by a small reorientation of the
histidine rings upon binding of nitrite, as observed by X-ray
crystallography%) or a reorientation of thg-tensor principal
axes of the copper site in the presence of nitrite.

The reduction ofA, of the imidazole nitrogens reflects a
reduction of the spin density on the ligands as had been
suggested beforel®). Since also the copper hyperfine
coupling @A) decreases, a straightforward shift of the spin
density from the ligands toward copper seems unlikely. This
finding and the changes in tlgetensor reveal a change in
the composition of the SOMO upon nitrite binding.

The HYSCORE experiments revealed a signal from the
nitrogen of'SNO,~ bound to H145A. Two reasons may have
prevented the observation of the signal of the nitrite nitrogen
in previous investigations. Veselov et al2f have recorded
the ENDOR spectra at the low-field edge of the EPR
spectrum ¢,,) in order to unequivocally interrogate the type

amounts to 0.017 for azurin, it becomes 0.055 for the mutant 2 site of NiR. In the present study, the use of H145A allowed

in which the weakly bound axial ligand methionine is
replaced by glutamine. The glutamine in M121Q provides
for a strongly bound oxygen ligand, and the rhombicity
derives from the g character 1) mixed into the singly

to acquire spectra at the intermediate- and high-figldand
0y, region of the EPR spectrum without interference from
signals of the type 1 copper. Moreover, the observed
hyperfine coupling of the nitrite nitrogen of 6-8.9 MHz

occupied molecular orbital, which has predominant copper would result in ENDOR signals at frequencies too low to

dyy character. Correspondingly, the large rhombicity for

be detected in that experiment.
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Binding Mode of Nitrite.The hyperfine coupling of the  and the LUMO of the isolated nitrite have such an anti-
nitrogen of ®NO,~ bound to H145A, which had not bonding character. To experimentally verify the character
previously been determined, reveals information on the of the SOMO on the nitrite, hyperfine information from the
binding mode of nitrite. The value of 0.36 MHz #&f;, for other nuclei of nitrite would be needed.
the nitrogen of"“’NO,~ can be compared with that of 3.4 The results of the present study reveal that the SOMO of
MHz for N in nitrite equatorially coordinated in the model the substrate-bound enzyme extends over the nitrite and
compound [C& (TEPA)(NG,)]PFs (TEPA = tris[2-(2-py- suggest changes in electronic structure induced by nitrite
ridyl)ethyllamine) @6). The A, value of the**NO,~ bound binding that most probably promote the enzymatic reaction
to H145A is significantly smaller than that for the model of NiR. Several questions remain to be answered: It stands
compound, which indicates that the substrate is coordinatedto reason that the rehybridization at copper also brings about
to the enzyme in a position approximately axial. a change in redox potentiaB§) and affects the rate of

Also, another observation points toward an axial binding electron transfer from the type 1 to the type 2 site after nitrite
of the substrate. Thé\s, of the three nitrogens directly  binding at certain pH value$8,(36). An indication seems to
coordinated to copper in the type 2 site of NiR are all larger be that the EPR parameters of the site change in the direction
than 18 MHz (2). This would suggest that all of the three toward the parameters of the type 1 site and that, in general,
imidazole nitrogens directly coordinated to copper in the type type 1 sites are more easily reduced than type 2 sites. To
2 site of NiR are in the equatorial plane. Thus, only the axial prove this, a full analysis of the electronic structure of the
position is available for the coordination of the substrate. type 2 site would be needed. Experiments in progress to

An axial coordination by a nitrogen atom of a ligand, as determine theg-tensor anisotropy of the type 2 site in the

observed for pyridine coordinated to €(benzoylacetonate),
resulted in amM\, of the nitrogen of 0.7 MHz34).

substrate-bound form will be the basis of such an analysis.

The value of the isotropic hyperfine coupling constant of ACKNOWLEDGMENT

the nitrogen in**NO,~ bound to H145A compared to that
of the model compound6) shows that there is a small but
not negligible delocalization of the unpaired electron onto
the substrate in H145A. This is another indication that
substrate binding induces a change of the composition of
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