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and Daniella Goldfarb*,†

Departments of Chemical Physics and Immunology, Weizmann Institute of Science,
RehoVot 76100, Israel, and Dipartimento di Scienze Biochimiche, “A. Rossi Fanelli” and Istituto
diBiologia e Patologia Molecolari del CNR, UniVersità di Roma “La Sapienza”, Rome, Italy
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W-band (95 GHz) HYSCORE and pulse ENDOR are used to
characterize the nitrosyl d1 heme complex (d1NO) of cd1 nitrite
reductase from Pseudomonas aeruginosa in the wild type and
the Y10F mutant. The spectra and the derived 14N hyperfine
and quadrupole interactions were found to be the same for wt
and Y10F. This suggests that Tyr10 does not influence the
NO ligand orientation in the reduced state in solution. This study
is the first application of HYSCORE at high fields and shows
its potential for characterizing low γ nuclei with large hyperfine
couplings.

cd1 nitrite reductase (cd1 NiR) catalyzes the one-electron
reduction of nitrite (NO2

-) to nitric oxide (NO).1 The enzyme
is a homodimer; each monomer contains a c-type heme that
acts as the electron mediator from the reducing substrate and
a d1-type heme that provides the nitrite binding and reduction
site. The enzymatic reaction is intriguing because it involves
the reduction of an electron-rich species, i.e., the nitrite anion,
possibly followed by protonation and dehydration.2 More
importantly, product inhibition may occur because NO has
been assumed to form a stable complex with FeII d1 heme
(d1NO).3 The product dissociation mechanism is therefore
important, and a recent report has shown that NO dissociation
from the FeII d1 heme may indeed occur rapidly, a property
that is unique to this unusual heme.2 Although several
rationales for the cd1 NiR reaction pattern have been
proposed, the evidence emerging from experiments employ-
ing cd1 NiRs isolated from different sources still does not
provide a consistent picture.4-6

NO binding to iron(II) hemes often forms distinct types
of complexes. The electron paramagnetic resonance (EPR)
spectrum of NO-bound iron(II) myoglobin (MbNO) reveals
one complex with an axial g factor and another with a
rhombic g factor7, and the relative population of the two
types is temperature-dependent. The structure of the heme
pocket affects the properties of the NO complexes and the
equilibrium between them.8 The low-temperature EPR
spectrum of d1NO of the Pseudomonas aeruginosa (Pa)
enzyme was found to be also buffer-dependent.9

To explore the effect of the amino acid residues in the
distal pocket of the d1 heme on the properties of the NO
complex, we have studied d1NO formed by the wild type
(wt) Pa enzyme and by its Y10F mutant in frozen solutions.
The crystal structure of the wt enzyme shows that in the
oxidized state Tyr10 forms a hydrogen bond with the OH
ligand of the d1 heme but not with the NO in the reduced
NO-bound form.10,11 The structure of the nitrosyl-heme
complexes in solution may be different from that in the
crystal; for example, the two forms appearing in frozen
solutions of MbNO do not coexist in frozen crystals.12

So far the nitrosyl-heme complexes have been character-
ized primarily by continuous wave (cw) EPR, and by a few
electron-nuclear double resonance (ENDOR) and hyperfine
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‡ Università di Roma “La Sapienza”.
§ Department of Immunology, Weizmann Institute of Science.

(1) Zumft, W. G. Microbiol. Mol. Biol. ReV. 1997, 61, 533–616.
(2) Silvestrini, M. C.; Falcinelli, S.; Ciabatti, I.; Cutruzzolà, F.; Brunori,
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sublevel correlation (HYSCORE) spectroscopy at X-band
frequencies (∼9.5 GHz).13,14 In the present study, we have used
high-frequency, W-band (94.9 GHz) EPR, ENDOR, and
HYSCORE in order to resolve the 14N hyperfine and quadru-
polar interactions of the proximal histidine, 14N(His), and 14NO
of d1NO in wt and its Y10F mutant.

wt cd1NiR and Y10F were purified and prepared according
to procedures described earlier.15,16 d1NO was prepared under
anaerobic conditions in a 50 mM sodium phosphate buffer at
pH 8.0, where NO binds only to the FeII d1 heme.17 The enzyme
was reduced with an excess (∼200-fold) of sodium ascorbate,
and after approximately 1 h, sodium nitrite (∼50-fold) was
added. The concentrations of the d1NO of Y10F and wt were
0.5 and 0.32 mM, respectively. W-band measurements were
carried out on a high-power home-built spectrometer.18

The cw X-band EPR spectra of wt and Y10F d1NO, shown
in Figure 1A, are similar in general, except for a small but
detectable contribution from the axial form in Y10F. The wt
d1NO spectrum is similar to that reported earlier.9 The W-band
echo-detected EPR spectra are similar as well (Figure 1B),
revealing the dominance of a species with rhombic g values,
gxx, gyy, gzz ) 2.055, 1.96, and 1.99, respectively. The W-band
HYSCORE spectra recorded at different g values were also the
same. As an example, Figures 2A,B present the spectra of wt
and Y10F d1NO recorded at g ) 2.00 and 1.99, respectively.
The cross peaks are assigned to 14N(His).9 Spectra of Y10F
d1NO recorded at g ) 1.96 and 2.055 (Figures 2C,D) show
the same types of peaks of 14N(His) (as in g ) 1.99). All
frequencies observed are listed in Table S1. Additional cross
peaks observed in the (-, +) quadrants at (26.6, 4.7) MHz were
attributed to 14NO (Figure S1 in the Supporting Information).

We refer to the 14N frequencies in the R,� electron-spin
manifolds as νR,�

sq1, νR,�
sq2 and νR,�

dq corresponding to the
single- and double-quantum transitions, respectively. Because
this is the first application of HYSCORE at a high field, we
have also carried out Davies ENDOR measurements on Y10F
d1NO, to substantiate the signal assignment. The spectra
presented in Figure 3 show only the ν�

sq1 and ν�
sq2 lines of

14N(His) because low-frequency signals are difficult to detect
and double-quantum lines have very low transition prob-
abilities in ENDOR. This highlights the advantages of
W-band HYSCORE for this window of hyperfine couplings.
The ENDOR spectra also show 14N signals of the NO and
of the heme pyrrole. Some of these are not observed in the
HYSCORE spectra. The ENDOR spectrum show only one
type of pyrrole signal, although not all four are expected to
be equivalent.23

Using the observed 14N frequencies, we have estimated the
hyperfine and quadrupolar couplings from the first-order
expressions of the ENDOR frequencies, νR,�

sq1,2 ) 0.5A ( νI

( 1.5Q, where A and Q are the hyperfine and quadrupole
splittings. These values were then refined by simulations of both
the ENDOR and HYSCORE spectra with the same parameters,
focusing on peak positions (see Figures 2 and 3). There are
small differences in line positions between the ENDOR and
HYSCORE spectra and therefore there are small frequency
differences between the calculated and experimental HYSCORE
spectra. The simulations gave for 14N(His) (Axx, Ayy, Azz) )
((16.0, 19.5, 19.5) ( 0.1 MHz with Euler angles of (0, 0, 15)°
and (Qxx, Qyy, Qzz) ) ((-0.45, -0.85, 1.3) ( 0.1 MHz with
(0, 0, 70)°. The Euler angles represent passive rotations that
transform the A matrix or the Q tensor from their Eigenframe
to the g Eigenframe (gxx, gyy, gzz). These results show that Qzz

is along gzz and that the largest anisotropic hyperfine component
is 15° of gxx (see Figure S2 in the Supporting Information).
For 14NO, (Axx, Ayy, Azz) )((33.5, 26.9, 64.5) ( 0.2 MHz and
for 14N(heme) (Axx, Ayy, Azz) ∼ (3.3, 3.1, 2.5) MHz, (Qxx, Qyy,
Qzz) ∼ (-0.36, -0.54, 0.9) MHz and (0, 50, 60)°. The Qzz value
was taken from the literature.24

In principle, if the orientation of the 14N hyperfine and
quadrupole tensor principal axes are known with respect to
molecular parameters then the orientations we have obtained
should provide the orientation of g with respect to the
complex structure (and vice versa). Unfortunately, these
relationships are not obvious, and some discussion on this
issue is presented in the Supporting Information.

In summary, we have shown that Tyr10 has practically
no effect on the structure of the NO complex in solution, in
agreement with the crystal structure.11 We demonstrated that
W-band HYSCORE is an excellent tool for characterizing
14N nuclei with A ∼ 20 MHz for which, A ∼ 2νI (νI is the
14N Larmor frequency). In addition to nitrosyl-heme com-
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Figure 1. Spectra of d1NO in wt and Y10F. (A) cw X-band EPR, 130 K;
an asterisk marks the contribution of the axial form. (B) W-band two-pulse
echo-detected EPR, 7 K. The pulse lengths were 100 and 200 ns,
respectively, and the time interval was 600 ns. The arrows denote the
positions where HYSCORE and ENDOR measurements were performed.
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plexes, it can be useful, for example, for copper(II) proteins
with histidine ligands where A ∼ 20-30 MHz.25 The

accumulation time of the W-band HYSCORE spectra was
significantly shorter than that of the ENDOR spectra, and
for 14N(His) the information content was richer.

The detailed characterization, in terms of spin-Hamiltonian
parameters, of the rhombic form of d1NO in solution given here
could be helpful for the future analysis of high-resolution EPR
spectra of nitrosyl-heme complexes, which include both the
axial and rhombic forms. This is an essential step toward
understanding the factors that determine their presence.
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Figure 2. W-band-matched HYSCORE19 spectrum of wt d1NO (8 K) (A) (E and F show expanded regions) and W-band HYSCORE of d1NO Y10F (B-D).
The observer g values are noted on the figure. For wt, the π/2, π, and matched pulse durations were 12.5, 25, and 25 ns, respectively. For Y10F, the π/2
and π pulse durations were 16 and 32 ns, respectively. For all spectra τ ) 200 ns. The peaks on the diagonal of the (-, +) quadrant are noise. G-I are the
corresponding HYSCORE simulations obtained with the program Simbud,20 and the parameters are listed in the text. The insets are expanded spectral
regions.

Figure 3. W-band Davies ENDOR spectra (7 K) of Y10F d1NO recorded
at different g values. Experimental conditions: microwave pulses 200/100/
200 ns, radio-frequency pulse 50 µs. The solid lines are simulations obtained
with parameters listed in the text using Easyspin21 and KAZAN.22
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