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Abstract: Orientation-selectedhree-pulse ESEEM experiments have been performed on a series of nitrosyl
hemoproteins: HbNO in its two quaternary (R/T) states, the isolated NO-liggfdechains of hemoglobin,

two hybrids of hemoglobin with asymmetrically ligatedf)-chains, NG-myoglobin, and NG-F&"(TPP)-
imidazole model complexes. The ESEEM spectra of the native complexes clearly revealed the contribution
from two conformational states of the Nheme group. At 4.2 K theNO andNO chains were found in an
almost pure state, i.e., 80% “state 1” and 90% “state II”, respectively. These results correlate well with the
two-conformation model of 6-coordinated NDeme complexes proposed earlier from the evaluation of
temperature-dependent EPR/ENDOR spectra (Morse, R. H.; Chan,JSBlol. Chem.198Q 255 7876.
Hittermann, J.; Burgard, C.; Kappl, BR. Chem. Soc., Faraday Trank994,90, 3077). Application of two-
dimensional ESEEM spectroscopy (HYSCORE) to the isolateédO and SNO chains allowed the
characterization of the pyrrole nitrogen HFI in both conformations. A third nitrogen coupling was identified
in the HYSCORE of th¢gNO chain. It was tentatively assigned to the mitrogen of distal His E7 which is
suggested to form a hydrogen bond to the NO group in the axial-hg&ne conformation. These findings
support the proposal that the variation of binding geometry in two states effié@e is controlled by the
heme’s protein surrounding and could provide an important contribution to the discussion on the physiological
role of NO related to its interactions with protein metal centers.

Introduction vasodilator, and a cytotoxic agefit.NO is synthesized from
L-arginine on a heme site of a family of enzymes called nitric
oxide synthases (NOSs) in endothelial cells, macrophages,
neutrophils, and platele?s® This endogenous NO interacts with
other heme and non-heme iron proteins performing various
cellular inhibition and activation functioi$ These findings are
another stimulus to perform detailed spectral and structural
Studies of NO metal complexes in proteins, in particular heme
NO centers. Structural studies of NO interaction with the heme
group and the surrounding protein moiety are of vital importance
for the understanding of its biosynthesis and its physiological
role.

The NO radical bound to the central ¥eion in the
ahemoprotein forms a paramagnetic, low-sg@=1/,) complex.
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Nitrosyl (NO)-ligated hemoglobin (HbNO) is considered to
be a useful model to provide insight into the biochemistry of
oxyhemoglobin (Hb®). Like oxyhemoglobin, HONO exhibits
cooperative effects of a mutual influence between various
ligands reacting withw(5)-chains in tetrameric hemoglobin and
undergoes quaternary structural changes which are comparabl
to the R-T transitions between oxy and deoxy states of
hemoglobint—

More recently, the discovery of NO biosynthesis in mammals
and the versatile role of NO in physiological proce8$dsas
stimulated new interest in the properties of Nrotein
interactions. For instance, NO can act as a neurotransmitter,
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Table 1. Description of the Investigated Samples, the Abbreviations Used, and the Equilibrium Weights for States | (Rhombic) and Il (Axial)
in Hemoglobin (Myoglobin) Compounds As Estimated from ESEEM Analysis at 4.2 K

sample abbrev

description

nne) (%P mi (%)

aNO isolated NO-ligated.(53)-chains of hemoglobin 80 20
BNO 10 90
HbNO(R) NO-ligated hemoglobin in the quaternary R(T) states 1.01 45 55
HbNO(T) 1.01 45 55
(aNO, fCO)Hb two hybrids of hemoglobin with asymmetrically (NO,CO)-ligatd@)-chains 80 20
(aCO, SNO)Hb 2.95 28 72
MbNO NO-ligated myoglobin 0.71 51 49

NO—Fe&*(TPP)-Im NO-Fe&*(tetraphenylporphyrinyimidazole complexes withN- or >N-substituted imidazoles

aThe fractions of states | and Il are calculated fromy/rf,) ratios including the correction for the estimated compositione©®© andSNO

chains: n, = 0.7, + 0.1. The error margin is-25%.

bin, its isolateda- and - subunits, myoglobin, and several
model compounds such as NO-ligatedHtetraphenylporphyrin
(TPP) with imidazole as sixth axial ligand were performed in
frozen solution%312.13.1722 g5 well as in single crystafs 26
aiming at an elucidation of structural details of the NO

has been successfully applied for the last twenty years in the
study of active metal sites in metalloprotefis?

The application of ESEEM spectroscopy to the nitrosyl
hemoproteins and model compounds has confirmed the theoreti-
cal predictiod® that hyperfine couplings with the pyrrole

hemoglobin interactions. While these studies have contributed nitrogens should give rise to nuclear spin frequencies &b
to the understanding of the electronic structure and geometry MHz. From a qualitative comparison of the ESEEM spectra of
of the NO-bound species, several details, especially thoseNO-ligated hemoglobin A, isolated N@x(3)-chains of hemo-

concerning changes upon-R-“like” transitions, still remain
unclear?’28In part, the lack of more definitive conclusions is
due to the difficulty of an unambiguous interpretation of the

globin, and NO-Fe(TPPy-(pyridine or imidazole) model
complexes, Magliozzo et &.had concluded that only one type
of pyrrole nitrogen contribute to the ESEEM in six-coordinated

EPR and the rather complex ENDOR spectra of these speciesNO—heme complexes with magnetic couplings similar in all

The EPR and ENDOR investigations have yielded informa-
tion about theg-tensor principal components, nitrogen hyperfine
couplings of axial ligands, and proton interactions of the
porphyrin moiety and surrounding protein. The reported hy-
perfine couplings for the nitrogen of nitric oxide (360 MHz)
and for the coordinated nitrogen of the proximal histidine (or
imidazole in model complexes) of 20 MHz are large enough
to be well observable in ENDOR?21and even partially in the
EPR spectra of frozen solutiof$21° ENDOR technique
specifically demonstrates high resolution in the study of weakly
coupled protons. However, EPR and ENDOR were ineffective

proteins and models investigated. These conclusions, however,
were based on studies without systematic orientation selection.
Previous EPR/ENDOR studies converged into a “two-state”
model of the structural dynamics of the various 6-coordinated
Fe(NO)-porphyrin species. The original model derived from
EPR for the two states involved differences in the displacement
of the iron ion with respect to the heme pldiévore recent
combined EPR and ENDOR studies associated one state with
a tilted conformation in which the F§NO) bond doesot
coincide with the normal to the porphyrin plane, whereas the
other represents the more familiar axial arrangere#t28 It

in the detection of couplings from pyrrole nitrogens, which form turns out that the EPR/ENDOR spectra of both native and model
the equatorial coordination of heme iron. For nitrosyl heme compounds can be described in terms of these two basic states.
proteins and model compounds, these couplings were only One should note, however, that both the spectra characteristics
observed using pulsed EPR techniques, i.e., electror-sgimo detected in EPR and the relative contributions of the two states
envelope modulation (ESEEM) spectroscép$P This technique to the sum spectrum are temperature depent¥ent.

In the present work, we investigate whether the same two-
state model is applicable to the ESEEM spectra and, if so, how
it is reflected in the pyrrole nitrogen couplings. This in turn,
will lead to a more complete structural characterization of the
two states of nitrosytheme complexes.

Orientation-selectedcESEEM experiments have been per-
formed on a series of nitrosyl hemoproteins given in Table 1
and model NG-Fe(TPP)-imidazole complexes. The 1D ES-
EEM N signals are interpreted in terms of the contribution of
two types of nitrogens, which are present in all samples but
have varying relative intensity ratios. Subsequent application
of 2D frequency-correlation spectroscopy (HYSCORE) to the
NO-ligatedo- and 3-chains has provided further evidence of
the two nonequivalent nitrogens as well as the identification of
a third type of nitrogen. The HFI and NQI parameters of these
nitrogens have been determined for the first time, and their
assignment to specific nitrogens of the henpeotein moiety
will be discussed.
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Experimental and Methods

Sample Preparation. The model complexes and the native NO
heme materials were prepared as described elsewhatesamples
(Table 1) were transferred immediately after preparation into EPR
sample tubes (Spintec) and were frozen and stored in liquid nitrogen.
Typical sample volumes were 26300 L.

Pulsed EPR SpectroscopyESEEM experiments were performed

on an X-band pulsed EPR spectrometer Bruker ESP 380 using an
overcoupled dielectric resonator. The magnetic field was measured with

a Bruker NMR gaussmeter (ER-035M), and the microwave frequency
was determined with a digital frequency counter. All measurements
were carried out at 4.2 K using an Oxford CF 935 cryostat.

1D ESEEM patterns were obtained using the three-pulse stimulated

experiment £/2—t—m/2—T—a/2—t—echo) witht held constant and

T varied. 2D HYSCORE experiments employed thé(-t—/2—t,—
w—t,—m/2—t—echo) pulse sequence, where the echo is measured as
function of t; andt,. A total of 256 points were measured in each
dimension with an increment of 24 ns. Both techniques were used with
appropriate phase cycling to eliminate unwanted ecPe€3he length

of the /2 pulses was 16 or 24 ns. Theinversion pulse in the
HYSCORE experiment was 32 ns and of the same amplitude2s
pulses. There was no advantage to use a strong narfpwise in our

Tyryshkin et al.

spectra. Two types of powder ESEEM patterns are usually distin-
guished. In the case of dominant (isotropic) hyperfine interacta@ (

> 1), the two double-quantum transitiong,. give rise to sharp peaks

in the spectrum. To a good accuracy, their position is giveli 8y

1)

The single-quantum transitions from both electron spin manifolds
have a significant anisotropic line broadening and usually do not
produce noticeable intensity in the spectrum.

For another range of Zeeman and hyperfine interactions, three intense
narrow lines satisfying the relation of additivity characterize the three-
pulse'*N ESEEM spectra. This regime corresponds to the so-called
“cancellation condition” indicating that the external magnetic field
approximately cancels the local hyperfine field at the nucleus in one
electron spin manifold, i.e.y(— a/2)= 0.3%%" The observed ESEEM

Vo = 2[(v, £ a2y’ + KX3 + )]

Qines correspond to the pure quadrupole frequencies (‘N@Hs):

vo=2Kny, v_.=K@B—-1n), v,=K(@B+1n) 2)
whereK = €2Qq/4h is the quadrupole coupling constant aper (Qux
— Qy)/Q,; the asymmetry parameter. The three NQI peaks are often

accompanied by theqq: line (eq 1) from the second electron spin

experiments because a 32-ns pulse was nonselective enough to exite,anifold in which the local hyperfine fieldddsto the applied magnetic

all allowed and forbidden transitions of the electron nitrogen spin
system. The spectrometer dead time was-(24) ns.

Prior to Fourier transformation (FT) the time-domain 1D ESEEM
patterns were normalized to unity background by fitting the relaxation
decays on splines (or polynomials of different degrees) followed by
division of the experimental time-domain pattern by the fitted baseline

decay. No attempts were made to reconstruct points missing from time-

domain ESEEM data due to spectrometer dead time. All 1D FT-ESEEM
spectra shown are in magnitude mode.

2D HYSCORE spectra were treated using commercial software
(WIinEPR). The background decay in both dimensiofis tf) was
subtracted using a polynomial fit followed by apodization with a
Hamming window and zero-filling to 512 points in each dimension.

field. The transition between these two types of powder ESEEM patterns
occurs wheff
v, £ a/2| ~ 2/3K ?3)

Interpretation of *N HYSCORE Spectra. After 2D-FT of the
(real) time domaintg,t,) measured in HYSCORE experiment, a 2D
frequency domain is obtained showing only correlationg{ vim-)
between nuclear spin frequencies of opposite electron repimani-
folds 353839 This property significantly simplifies the analysis of
congested spectra due to interactions of a large number of nonequivalent
nuclei®®4*Nine pairs of cross-peak features can occur between the six
nuclear spin frequencies of the nitrogen nuclei including onedip

Then FT was applied in two dimensions. The spectra shown are contourcorrelation ¢qqr, vaq-), four dg—sq correlations sygr/—, vsqr+), and

plots in magnitude mode with logarithmic scaling of the contour levels.
Analysis of N Powder 1D ESEEM Spectra. For *N nuclei
(nuclear spinl = 1) there are three nuclear transitiong+ and vim—
between three nuclear sublevels (k, n, anchl= 1, ..., 3) in each
electron spin manifold«) adding up to six nuclear transitions in total.
For simplicity, the lower frequency transitions;{. andvs.) between

four sg—sq correlations sqi/—, vsq+). In addition, it turns out that
the cross-peak intensities in the two quadrastst) and (+,—) of the

2D frequency domain will be different for the related features; i.e., the
(+v1, +vy) feature will have an intensity different from that of the
(+v1, —v,) feature3>3® Analytical expressions for the cross-peak
intensities have only been obtained for the c8@se %,, | = '/, (e.g.

the adjacent sublevels are usually called single-quantum (sg) transitionsproton HYSCOREJ? The peculiarities of nitrogen HY SCORE spectra

whereas the higher frequency ongs() between the outer sublevels

is referred to as the double-quantum (dq) transiti@trictly, these
definitions are only valid when the nuclear quadrupole term of the
nuclear spin Hamiltonian is negligible in comparison to the other terms,
i.e., the nuclear Zeeman interaction and hyperfine interaction. The
nuclear spin projectionsi() on the direction of the applied magnetic

are, however, extensively described in the available experi-
mentat®*¢ and simulatetf—*4 2D spectra. Two particular types of 2D
powder patterns are usually observed, one of which corresponds to the
strong hyperfine coupling regiméa(/2 > v) while the other is linked

to the cancellation conditiond]/2 = vy). In the case of strong hyperfine
coupling, the dominating feature of the spectra is thedigcorrelation

field are then good quantum numbers of the nuclear substates. In thisdeveloping in the-,—) quadrant®4 The cross-peak pattern becomes

case the single-quantum transition correspondArn® = 1 and the
double-quantum transition tAm, = 2. However, these nuclear spin
projections are no longer good quantum numbers when the NQI term

becomes significant. In the latter case, the nuclear eigenfunctions are

superposition of nuclear states with different projectidreg|m) and
for instance, the double-quantum transition would merely correspond

very different in the case of the cancellation conditféff“éHere, most
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are different byAm = 2. Usually, only a subset of the six nuclear
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that the relative magnitude of the nuclear Zeeman frequenyaid
the (isotropic) hyperfine interaction of the nitrogen nucleus plays a
key role in the interpretation of one-dimensional ESEEM powder
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Figure 2. Experimental stimulated (three-pulse) FT-ESEEM spectra
of isolateda(8)NO chains of Hb and of HbNO in its R-state recorded
for two different z-values and at five different magnetic fields
corresponding to the showgrvalues. See Experimental Section for
the other experimental conditions.

First-Derivative EPR Intensity

T T T T T
3400 o 13500 3600 monitored?” To facilitate the comparison of ESEEM spectra
Magnetic Field (Oc) of the different samples, orientation-selected ESEEM experi-
Figure 1. Absorption (A) and first-derivative (B) EPR spectra of ments for all samples were performed with the microwave
isolatedaNO andNO chains of hemoglobin measured at 15 K. The  frequency adjusted to the same value of 9.809.002 GHz
points indicate the magnetic field positions (effectg+actors) where and at the same set of magnetic fields (3380, 3400, 3450, 3490,
ESEEM measurements were carried out. The absorption EPR spectragzon 3550 G) which corresponds to the following set of

are normalized for unit area, and the labklg) are used to represent : .
their normalized EPR intensities. The shaded area under the absorptioneffectlveg-values. (2.073,2.061, 2.031, 2.008, 1.991, and 1.974,

spectrum of the isolatedNO chains represents schematically the respectively). . .
number of paramagnetic species excited by microwave pulses in Three-Pulse 1D ESEEM SpectraFigure 2 depicts the three-

orientation-selected ESEEM experimefty is the excitation band- ~ pulse FT-ESEEM spectra in the frequency regior90MHz
width of the MW pulses. for the three samples: N€hemoglobin in the quaternary
R-state and the isolatedNO and SNO chains. The spectra
intensity is shifted to the#,+) quadrant of the spectra. The correlations shown were recorded at two differemtvalues and at five
between the NQI lines (eq 2) and the transitions from the opposite different effectiveg-values across the EPR powder line shapes.
manifold appear as relatively weak ridges parallel toftrendf, axis. The spectra exhibit a complex line shape with many lines of
This is because the NQI peaks are isotropic while the transition different degrees of resolution. These lines can only be ascribed
frequencies from the opposite manifold are usually orientation depend- g interactions witH4N nuclei from the surrounding of the heme
ent. Thevqq peak, which has the lowest anisotropy, gives rise to the jron. Taking into account the previous EPR, ENDOR, and

strongest correlation features. ESEEM investigations of nitrosyl hemoglobins and their
models?021.29.30gne is led to expect that the pyrrole heme
Results nitrogens give the main contribution in this spectral region.

. . ) L Although the spectral features clearly vary as a function of the
Figure 1 shov_vs the absorption (A) an_d flrst-derlvatlve_ (B) field pc?sition WFiE[hin the EPR powder)épec)t/rum, thus indicating
EPR spectra of |§o'late(uiNO andfNO chams of hemoglobin. effective orientation selection, the main differences are observed

The spectra exhibit a pronounced anisotropy of the electron i, jine intensitiesand shapesather than in linegpositions At
g-tensor and are significantly different, especially in the low- every magnetic field and for bothvalues, the low-frequency
field region @ > 2.031). In previous X- and Q-band EPR |ines (<3 MHz) are more developed in the spectra of 6i¢O
measurements?'2"14 the rhombicg-tensor (2.07, 2.004, 1.97)  sample, whereas a high-frequency line5(5 MHz) is more
was ascribed to isolatedNO chains, and the nearly axial dominant in the spectra $INO. The spectra of HONO in R-state
g-tensor (2.03-2.04,~1.99) was found for isolatgNO chains.  show intermediate line intensities in these two frequency regions.
The EPR spectra of the other samples investigated (Table 1) The points of intermediatayf = 2.002) and minimumgs =
resemble the spectra of isolataflO andSNO chains with a 1.979) principal values of the electraptensor are not very
similar spread of the effectivg-factors between 2.07 and 1.97.  effectively separated in the X-band frozen solution spectra. The
Orientation-selected ESEEM measurements were performed auifference|g, — gs| ~ 0.02-0.03 corresponds to a field range
different magnetic field settings along the powder EPR line of only 35-50 G. In addition, the significant spread of intrinsic
shapes (indicated by filled circles in Figure 1A). At each EPR line shape created by the hyperfine structure due to nitric
magnetic field, the microwave pulses during the ESEEM oxide @so = 17.1 G) and histidine&s, = 6.2 G) nitrogen¥
experiment will excite only a small fraction of the paramagnetic leads to further admixture @f orientations intas spectra, and
species (illustrated in Figure 1 by a shaded area under thevice versa. Consequently, very similar ENDOR patterns were
absorption EPR spectrum of isolatedlO chains). Only this ~ usually detected for hemoproteins at theand gs points of
fraction with its specific (“selected”) set of orientations with (47) Hoffman, B. M.; Martinsen, J.; Venters, R. &.Magn. ResorL984
respect to the direction of the applied magnetic field is 59,110.




3400 J. Am. Chem. Soc., Vol. 121, No. 14, 1999

(A) 1=160ns ——aNO
........... BNO
e HENO(R)
——MbNO
2z AN n
S L1
& [_'_‘/ NQI freq.
% qu+
Model
complex
el
g
E
=
=)
o
wn
o
Model
complex

2 4 6

Frequency (MHz)

0

Figure 3. Comparison of experimental stimulated FT-ESEEM spectra

of native and model N©heme complexes measured at the high-field
position of the EPR spectrg & 1.991) at (A)r = 160 ns and (By

= 240 ns. Experimental conditions are the same as for the ESEEM

spectra in Figure 2.

powder EPR spectr&:?” Likewise, only very small differences
are seen between the ESEEM spectra recorded irgthe ¢)
region at the high-field edge of the EPR speciga~ 2.008

and 1.991 in Figure 2). Since a broad set of orientations aroun

the two principal directions of the-tensor is expected to
contribute to the ESEEM spectra in this region, it seems mor

appropriate to perform their qualitative analysis using ap-
proaches developed for powder rather than for single-crystal-

like spectra.

In the ESEEM spectra from the high-field region, especially
at7 = 160 ns, one observes three narrow lines with frequencies

of 0.33, 1.18, and 1.51#+0.02) MHz satisfying the relation of

additivity. The same set of lines is also observed in the spectra
of all the other native samples (see Figure 3). The high intensity

and narrow line width of these lines are typical for nitrogen
nuclei in the regime of the cancellation condition (cf. eq 2). In

Tyryshkin et al.

not reported previousiP. Using eq 2, the quadrupole parameters
K = 0.47 MHz andyn = 0.45 are evaluated for the model
complexes. The difference in NQI frequencies between the
native and model systems is apparently due mainly to variation
in the asymmetry parameter.

Since the isotopic substitution of both nitrogens in the
imidazole ligand of the model complex does not influence the
ESEEM spectra, they must be ascribed to interactions with the
pyrrole nitrogens only. The three narrow lines observed in the
ESEEM spectra of thegf — g3) region correspond then to the
NQI frequencies of the pyrrole nitrogens. By analogy, the three
slightly shifted lines observed in the spectra of the protein
samples are assigned to the NQI frequencies of the heme pyrrole
nitrogens as well. Support for this assignment comes from
comparing the NQI parameters with those previously reported
for pyrrole *N nitrogens in other metal complexes. Single
crystals of Cu(TPP) give valuds = 0.463 MHz andy =
0.33748 Ag(TPP) exhibits (0.457 MHz/0.51%)while VO(TPP)
complexes in frozen solution have (0.47 MHz/6®&6)° This
comparison also demonstrates a high stability of the quadrupole
coupling constant of pyrrole nitrogens and a broader variation
of the asymmetry parameter with the chemical structure and
surrounding matrix.

The ESEEM spectra of the native samples in e gs)
field region develop also additional lines at frequencies-1.7
1.8 and 5.3-5.5 MHz (best observed far = 240 ns) and a
weakly resolved set of lines between 2 and 4 MHz (Figure 2).
In contrast to the NQI lines, the position of these peaks is not
invariant over the different native samples. However, their
intensities still show the samedependence and a similar well-
pronounced variation as a function of the applied magnetic field.
dA striking difference is observed between the proteins and the

model complexes. The peak in the range-%3% MHz is
o completely absent in the latter systems (Figure 3). A similar
situation probably occurs for the £1.8-MHz region although
some features of weak intensity are also present in the model
systems.

In the previous stud{? the line at 5.5 MHz was also observed
for one of the model complexes, 6-coordinated-Nez?"(TPP)
complex with“N- and'*N-labeled pyridine as sixth ligand, and
assigned to double-quantum transitip+ of the same set of
pyrrole nitrogens that generate the strong NQI lines. However,
such an assignment appears to be improbable because of the
uncorrelated variation of relative intensities of the NQI lines

this case, the three lines correspond to the nuclear quadrupole®nd the 5.5-MHz line in the spectra of different samples (cf.

transition frequencies (NQI lines), and using eq 2, one can

estimate quadrupole paramet&rs= 0.45 MHz andy = 0.37
for the protein samples.

Following Magliozzo et al®? the 6-coordinated NOFe**-
(TPP)-imidazole model complex with*N- and *>N-enriched
imidazole was also studied. Again the ESEEM spectra of bot
19N- and *N-ligated complexes demonstrate pronounced ori

entation dependence and, at the same time, show a clos
similarity to each other at all field positions. The spectra of the

model complexes in thegf — gs) region also show three well-
developed sharp lines; however, their frequencies, 0.43, 1.1
and 1.61 £0.02) MHz, are slightly different from those
observed in the spectra of the native samples (cf. Figure 3).

Figure 2). The 5.5-MHz line is not observed for the model
complex with imidazole axial ligand. This implies rather that
the two sets of lines, i.e., NQI lines and 5.5-MHz line, belong
to two different groups of nitrogens and that the variations of
relative line intensities are just a reflection of the varying
h contribution of these two nitrogens to the ESEEM signal (see
below). To support this analysis, we have performed two-
edimensional HYSCORE experiments on th&lO and SNO
samples.

HYSCORE Spectra. HYSCORE spectra were measured at
g,severalg-values. The best signal-to-noise ratio and spectral

resolution were obtained for the field position 3470 da(=
It 2.007). Figure 4 shows the HYSCORE spectra of ¢ti¢O

is remarkable that all native NO compounds including HbNO (Figure 4A) andSNO (Figure 4B) subunits measured at this

in two different R(T) quaternary states, separg(8)NO chains,
the two hybrids, and MbNO are characterized by the same s
of NQI frequencies which, however, differ noticeably from the

NQI frequencies of the model complexes. This difference, which

field with 7 = 200 ns. The two spectra display a similar set of
etCross-features, but the intensities are very different. As is seen

(48) Brown, T. G.; Hoffman, B. MMol. Phys.1980,39, 1073.
(49) Fukui, K.; Ohya-Nishiguchi, H.; Kamada, Hl. Phys. Chenil993,

exceeds the resolution of the ESEEM spectra in our study, was97, 11858.
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from the skyline projections, the most intense lines are located opposite electron spin manifold. In addition, three straight-line
in the (+,+) quadrant for thexNO chains and in the,—) segments are observed between 4 and 5 MHz in the-)
quadrant for theggNO subunits. guadrant which can only be ascribed to the cross-correlation of
In the aNO spectrum, the three most intense peaks lie along the NQI lines with the double-quantum freque . Since
the diagonal in the,+) quadrant and correspond to the three the measurements were carried ouyat 2.007, a broad range
NQI lines 0.33, 1.18, and 1.51 MHz found in the three-pulse of orientations contributes to the spectrum. This explains the
ESEEM spectra (Figure 2). In general, no diagonal peaks shouldextended character of the cross-peak ridges. At the same time,
be observed in HYSCORE spectra. However, they are often the ridges lie practically parallel to the and f, axis of the
observed in experimental spectra because of incomplete inver-spectrum indicating a weak frequency dependence of the 0.33,
sion of electron spin magnetization by thepulse. Complete  1.18, and 1.51 MHz lines at the different orientations. This
inversion of all electron spins is experimentally difficult to  supports their assignment to nitrogen nuclei near the cancellation
achieve due to inhomogeneous microwave field over sample condition. Using NQI parameter& (= 0.45 MHz,5 = 0.37)
size. In Figure 4A, these frequencies are indicated by dashedestimated above from the NQI lines, the range of effective
lines marked aygl), (@), andv(j), where the superscript refers  hyperfine couplings 1.55 MHz< |a|] < 2.77 MHz can be
to the type of (pyrrole) nitrogen N1. The intense diagonal peaks estimated from eq 3 to ensure nitrogens N1 to be in the
are accompanied by extended ridges running parallel td;the cancellation condition. Then, eq 1 predicts double-quantum
andf, axis in the ¢+,+) quadrant of the spectrum. A symmetrical  transitionv{), between 4.05 and 5.17 MHz. This estimation
set of cross-features of lower intensity are also seen inithe)( perfectly matches the cross-peak range4%3 MHz in the
quadrant. These ridges correlate the NQI lines with the single- qNO HYSCORE spectrum. No lines were observed in this
quantum transmonsu of the same nitrogens from the frequency region in the three-pulse spectraxO, nor in the
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Table 2. Nuclear Frequencies Observed in Three-Pulse ESEEM and HYSCORE Spectra, Their Assignment, and Estimated Quadrupole and
Hyperfine Coupling Parameters of the Three Types of Nitrogen Nuclet-(N2) of Native and Model NitrosytHeme Complexes

nuclear frequencies (MHz)

NQI parameters

type of HFI coupling paramagnetic
nitrogen  three-pulse ESEEM HYSCORE K = &Qq/4h (MHz) n P = KX3 + 7? (MHZz? (MHz) species
Native Compounds
N1 [v(l) (l) (1)] - (1) (1)] = 0.45 0.37 0.63 1.752.92 state |
[0.33,1.18, 1. 51] [o 33, 1.15, 1.49]
v, =" vf}) =4.2-53
N2 =1[0.38, 1.4] - - 0.6 3.06 state Il
<2> =[?,3.43]
vE) =17-1.8 v<2) =18
vd} =53-55 % =542
N3 V(ﬂ&g —33 - - 0.47 5.13 state Il
Vi =74
Model Complexes
N1 [v§ 0 (1)] = n/& 0.47 0.45 0.71 - state |

043,119, 1.61]

a7 and—, designate nonobserved frequencies. The determined HFI and NQR couplings have an accwh6% dHz.? Not available.

other native and model complexes (Figures 2 and 3). A broad signal was not observed in the three-pulse ESEEM spectra could
line width and a resulting low intensity precluded observation be due to the-suppression effect in combination with the weak
of V(l) in the 1D ESEEM spectra. Nevertheless, this transition and broad nature of the spectral feature. It has been established
is 3t||| detectable in the 2D spectra. The cross-ridges extend that ESEEM contributions of this type are usually better resolved
from 4.2 to 5.3 MHz that corresponds to a broad distribution in HYSCORE because this technique, in contrast to the 1D
of the effective hyperfine coupling of the N1 nitrogefag = three-pulse experiment, is almost insensitive to dead-time effects.
1.75-2.92 MHz. This high HFI distribution could be due to a  The frequencies of couplings NN3 observed in the three-
significant anisotropic hyperfine interaction and/or to strains of pulse and HYSCORE spectra as well as the estimated hyperfine
the heme-iron structure which can also lead to considerable and quadrupole parameters are summarized in Table 2. Later,
variation of isotropic hyperfine coupling of the pyrrole nitrogens. We will discuss a detailed assignment of the three groups of
The cross-features produced by the N1 nitrogens are also seemfitrogens to the specific nitrogen atoms in the herinen
in the HYSCORE spectrum ¢iNO but they are significantly ~ moiety. Here, for the purpose of further spectral analysis, we
less intense (Figure 4B). On the other hand, there are additional€iterate that three different nitrogen interactions were found in
cross-peaks in the spectrum @NO which become dominant ~ the ESEEM and HYSCORE spectra. The first type (N1) is due
in the spectrum ofNO. These include the pairs of cross-peaks 10 the pyrrole nitrogens showing the smallest hyperfine coupling
at (5.42, 1.8), (5.35, 1.42), and (5.4, 0.43) MHz in the<) |a| = 2.3+ 0.6 MHz and producing the three prominent NQI
quadrant, and the peaks at (5.35, 0.35), (3.43, 0.4), (3.43, 2.08)lines in the three-pulse ESEEM spectra. The second (N2) and
MHz in the (+,+) quadrant. These cross-features definitelybe- third (N3) interactions are yet to be assigned and can be
long to different nitrogen (N2) with frequencies 0.4, 1.4, and Characterized by larger hyperfine interactigal (= 3.06 and
1.8and 2.0, 3.4 and 5.4 MHz in the two-electron spin manifolds. 5.13 MHz) leading to the double-quantum transitiof3, =
The HYSCORE spectra therefore clearly confirmed that the lines (5.42, 1.8) and/ff.fi = (7.4, 3.3) MHz, respectively.
observed in the three-pulse spectra (the low-frequency NQI lines  Two-State Model for ESEEM Spectra of Heme Proteins.
and the line at 5.5 MHz) are due different nitrogens. In The observation of three sets of nitrogen couplings (in both
addition, the HYSCORE spectra provide the complete set of three-pulse ESEEM and HYSCORE) of which the spectral
nuclear frequencies of N2. Only two of the frequencies at 1.8 contributions clearly varies between th&O andNO chain,
and 5.5 MHz were clearly seen in the three-pulse spectra. Thesuggests the involvement of at least two structurally different
first-order analysis of these frequencies estimates an effectiveparamagnetic species. The&NO chain spectra are dominated
hyperfine coupling of~3.4 MHz. This value significantly by the N1 signals (i.e., the NQI lines) and should be closely
deviates from the cancellation condition in eq 3. Consequently, associated with one of the species (state I). BNO chain
the three low frequencies 0.4, 1.4, and 1.8 MHz cannot be spectra are characterized by the contribution of N2 (i.e., the
considered as the NQI frequencies of the N2 nitrogen. Instead,5.5-MHz line in three-pulse ESEEM) associated with a different

eq 1 is applicable to the two double-quantum transitiesns
5.42 and 1.8 MHz. This provides an estimation of the effective
hyperfine constanfa] = 3.06 MHz and also the quadrupole-
related parameted?(3 + #2) = 0.6 MHZ for the N2 nitrogens.

A completely new pair of peaks (7.4, 3.3) MHz appears in
the (+,—) quadrant of thNO spectrum. We assign these peaks
to the dg-dq correlation of the third type of nitrogen N3. This

structure of the heme moiety (state Il). The spectra of the other
native samples show significant contribution of both N1 and

N2 signals. They are interpreted as a mixture of two states.
Assuming that the lines of nitrogens N1 and N2 identify weight

contribution of two-state states, we tried to model the three-
pulse ESEEM spectra of the native samples as a linear
combination of thexNO andNO chain spectra. The experi-

assignment is based on the location of the cross-peak in themental time-domain envelopes f@NO andSNO chains Vq )
(+, —) quadrant, their contour line shape, and the difference of were summed with appropriate coefficiemss:

the two correlated frequencies({, — v ) which is close to
4y, of the nitrogen nuclei. Using eq 1, an effective hyperfine
coupling |a] = 5.13 MHz and quadrupole parametef(& +

n?) = 0.47 MHZ are estimated for N3. The fact that the N3

V=n,V, + nV, 4)

then Fourier transformation was performed. Althoughdh&O
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Figure 5. Stimulated FT-ESEEM spectra of HONO in R-state: (solid ,;""
lines) experimental and (dashed lines) calculated according eq 4 as a 34
superposition of the corresponding experimental ESEEM spectra of . )
oNO and BNO. The sums ry + ng) represent the weights of sz
experimentabi(8)NO spectra taken to produce the best correspondence £ 2] HbNO(R,T)
of the simulated superposition to the respective experimental spectrum .
(see also Table 3).
Table 3. Contributionsn, + ng of Experimentalo/fNO Chain
Spectra Used To Reconstruct the Three-Pulse ESEEM Spectra of
Native Compounds (See Figure 5) .

0.5 1.0 15
g-value I/L)
1.991  2.008 2.031 2061 2073 Figure 6. Plots of the (s/n,)s ratios determined for the different
HbNO(R/T) 1+11 1412 1+12 25+1 35+1 samples from the analysis of the ESEEM spectra (A) vs th&g)s
(aCOBNO)Hb 1+44 1+35 1+32 1+12 12+1 ratio for the HbNO(R) sample obtained at the same magnetic figld B
MbNO 15+1 13+1 1+1 4+ 1 and (B) vs thel/l,)g ratio of the normalized intensities of theNO

andNO EPR spectra. The same symbols show the data obtained for
. . . the same sample at different applied magnetic fields. The dotted lines
andpNO chains are definitely not in a pure structural state, we jn (a) represent for every sample the least-squares linear fit of the
can still use the corresponding ESEEM spectra as a basiSexperimental points. In (B), the dotted lines simply connect the
because, as apparent from Figure 2, the state | and Il contribu-experimental points of the same sample.

tions attain extreme values for these species. An example of

this procedure is presented in Figure 5 where the HbNO(R) state | and state Il) are present in the same sample, and these
spectra are reconstructed from the correspondirend-chain species have different EPR line shapggs, then one would
spectra according to eq 4. For each magnetic fieldnthend expect that their contributions to the ESEEM will varyrggs

ng contributions are indicated. As expected, the ESEEM spectrall niye higns ©2wmw at different field positions. Hence, the field-
for the twoz-values could be reconstructed using identical ratios. dependent contribution ratio of the two species in orientation-
The correspondence between the experimental and reconstructegelective experiment can be expressed as

spectra is extremely good. Similar results were obtained for the

other complexes (spectra available as complementary material). (ny/ny)g = (my/m) (1 /1)) (5)
In Table 3 then, + ng contributions for the various complexes
are collected. It is interesting to notice that thg and ng where (/n)) represents the real weight ratio of the two species

contributions for a given native complex are strongly dependent in the sample and the parametgy/()s determines the relative
on the magnetic field setting of the ESEEM spectrum. At first (field-dependent) contribution of the two species. Since the
sight this property seems to contradict the proposed two-staterelative intensities of the individual EPR line shapks(dl)
model. This behavior is however well understood if one recalls strongly vary at different field positions (illustrated withand
that the ESEEM experiments are subject to effective orientation Ig in Figure 1A), the parameterl (l)s and the relative
selection, and the spectra obtained at different fields representcontribution of the two species(/n)s will also vary signifi-
only a limited part of paramagnetic molecules. The excitation cantly. It also becomes clear from eq 5 that the relative ratios
bandwidth @ww) of the microwave pulses in orientation- (ny/m);g of two different samples andj will show a linear
selective ESEEM experiments is comparable to the intrinsic line relationship since the field-dependent parametgfl|fz is
width of the EPR spectra. Therefore, the number of paramag- divided out. This is demonstrated in Figure 6A where the ratios
netic speciesis monitored at any magnetic field position will ~ found for three samples: HbNO(TRCONO)Hb hybrid, and

be proportional to the EPR intensity at that particular fiekg, MbNO, are plotted vs the corresponding ratios of HbONO(R).
O nlgRuw (illustrated with the shaded area under the absorption In other words, each point in this plot relates ting/if,) ratio
spectrum ofaNO subunits in Figure 1A). Herey is the total of one of the three compounds at a certain magnetic field to
number of paramagnetic species, dgds the absorption EPR  the corresponding ratio determined for the HONO(R) sample.
intensity normalized for unit area (i.e., for unit number of The different slopes in Figure 6A indicate the different relative
paramagnetic species). When two paramagnetic species (i.e.weights of state Il and state | in the samples.
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This model is analogous to the two-state model derived from different NO-heme compounds on one hand combined with
previous EPR and ENDOR resuls3The isolatedxNO- and spectral diversity within the two states on the other. Moreover,
BNO chains at low temperatures were shown to be dominated temperature variation was found to induce the axial and rhombic
by the rhombic and axial EPR species, respectively, the othercomponents to change differently i andj-chains. This was
samples being represented as a weighted superposition of thesdiscussed to be due to a different heme compartment at the distal
two basic forms of spectra. (Note, however, that the EPR and proximal sides im- and -chains, resulting in different
signatures of the axial and rhombic spectra were slightly mobility of the axial heme ligands and/or heme itself when
different for a- and B-subunitstd) In agreement, our present temperature increases. Since the basic axial and rhombic
ESEEM observations indicate the two states | and Il to be most components change with temperature, this explains why the two-
abundant in the isolatedNO- andSNO-chains, respectively.  state model in its original variant formulated by Morse and
Thus, a qualitative comparison suggests that the “ESEEM- Chan, with two temperature-independent axial and rhombic
identified” species (states | and Il) should be most probably components, fail to reproduce the EPR spectra over the entire
associated with the rhombic and axial EPR states of IN€me temperature interval.
complexes. If so, a correlation between thg/if.)s ratios The present ESEEM study provides further evidence of the
derived from ESEEM simulation and thi{l;)s ratios of the basic two-state model. The influence of temperature variation
individual EPR intensities should exist (eq 5). Two basic of the changes of structural states was experimentally overcome
(rhombic and axial) EPR spectra have been derived using factorpy performing ESEEM measurements at fixed temperature (4.2
analysisi? and basically the same patterns were recently obtainedK). Under these conditions, orientation-selective three-pulse
from a temperature-dependent EPR stuéffleShe derived  ESEEM spectra measured over entire EPR line shapes for
(rhombic and axial) basic spectra are found to resemble closelydifferent NO-heme proteins were successfully synthesized as
the EPR spectra of isolated5)NO chains. Therefore, as afirst  a linear combination of the spectra from two structural NO
approximation, we present in Figure 6B the correlation of the heme states. One of the ESEEM-identified states is found
ESEEM ratios (3/n,) vs the (normalized) EPR ratioksl,) of dominating inaNO chains and another BiNO chains. On the
isolateds(a)NO chains. The data points show a monotonically other hand, EPR study identifies that the rhombic and axial EPR
increasing trend which roughly supports the assignment of species should dominate in the isolatedO andSNO chains,
ESEEM-identified states | and Il to the rhombic and axial EPR respectively, at 4.2 K. Therefore, we correlated two ESEEM-
components. However, some deviation from the expected linearidentified states with the rhombic and axial NBeme states
relationship of eq 5 is definitely observed. This could be ascribed derived from EPR experiments. Under this assumption, we were
to the effect of usinglf/l.) instead of the actual,(/l;) ratios. able to quantitatively estimate for the first time the contents of
On the other hand, the relation (5) is obviously valid only in  the rhombic and axial states in different N@eme compounds
the case of two species contributing to EPR and ESEEM spectra.at this temperature.

Although both EPR*® and our ESEEM study reveal the Morse and Chan discussed the difference of states | and Il in
evidence of only two major paramagnetic complexes (states | terms of the position of the iron with respect to the heme plane.
and 1I), one cannot exclude a minor contribution of some pHowever, single-crystal EPR w25 suggests that the actual
additional species. distinctive features are in different F&lO bond angles and

The least-squares linear approximates of the experimentaltiits with respect to the heme normal. Recent single-crystal
points in Figure 6B allow estimations of the equilibrium ratios ENDOR results included the position of the coordinated His
(ng/ng) for the samples investigated (Table 1). The table also F8 nitrogen into the tilted geomet® The single-crystal results
lists the corrected/ny contributions based on the estimated correlate well with the state | species in frozen solution. A
compositions ofaNO (0.8/0.2) and3NO (0.1/0.9) subunits,  striking similarity was demonstrated in thgfactor values of

respectively. the rhombic species (2.07, 2.004, 1.97) with those of the “single-
crystal” species at low temperature (2.076, 2.002, 1.979),
Discussion suggesting a close correspondence in their geometries. As was

proposed recently for several other NO-ligated hemoglobins and
derivatives on the basis of the proton ENDOR data in frozen
solutions!® we assume for statl a tilted configuration of the
axis connecting the His F8 nitrogen, the metal ion, and the
nitrosyl nitrogen with respect to the heme pl&fé®

The situation for the state Il species is more uncertain. In the
low-temperature single-crystal EPR studies of MbMNGCa
minority species was also observed whgsaisotropy was not
well characterized. One could tentatively assign this minority

Geometry of Two States.The two-state model was first
proposed by Morse and Chan, to explain the temperature
variation of EPR spectra of N&myoglobin and nitrosylated
model complexe& It assumes an occurrence of two nonequiva-
lent isomers of NG-heme ligation. The isomers were character-
ized by distinct EPR spectra with axial and rhombic line shapes.
Their linear combinations with varied ratios allowed description
of the observed temperature dependence of EPR spédtra.
was, however, found that the principal postulate of the Morse _. . .
and Chan analysis is not strictly fulfilled and that the basic axial _smgle-cr_ystal species to state Il. The Iack_ of smgle-cr)_/stal
and, specifically, the rnombic spectra were temperature depend-mformat'on makes it impossible to draw reliable conclusions
ent themselve® A recent X- and Q-band EPR study provided about the NO bond configuration in state Il only on the basis
evidence of the two (axial and rhombic) states to occur in both of E.PR measurements since no more information can be
isolatedaNO and BNO chains of hemoglobif It appeared ob_talned from th«_—:t rather poorly resol\_/ed_powder EPR spectra
practically impossible to describe temperature variation of EPR (Figure 1). In this respect, the appllc_atlon of the advanced
spectra of botlNO andSNO chains simultaneously using the electron paramagnetic resonance technlqu.efs (ENDOR, ESEEM)
same set of axial and rhombic isomers. T@nsor values of seems to provide the best means of deriving a more detailed

i i i ,30
the axial and rhombic species were found closely identical in p'ﬁ:g;ev\?;gg;?;iig %Oluéggg'_\lse?f rrnn eet rspge le'l 9§tate 2
the two chains at low temperatures and resemble those derived” y y Y Qi 9980

fc?f NO—myoqubin and model NO comple>.<es. This suggests ~(50) Nitschke, W. Diploma Thesis, Department of Physics, University
high conservation of the rhombic and axial structures over of Regensburg, Regensburg, Germany, 1982.
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2.03-2.04) in the original frozen solution EPR studi@g8 The next instructive step is to correlate the quadrupole
resembles, spectroscopically, the species used in addition to theparameteK?(3 + 5?) estimated for the NAN3 nitrogens (Table
rhombic state | in the recent delineation of proton ENDOR 2) with those expected for pyrrole nitrogens 0-&871 MHZ,
spectra in the NGheme compound¥.In these studies, state  and for imine and amine imidazole nitrogens 1.98 and 0.49
Il was identified as a species with a nontilted-#¢O bond MHz2, respectively?53 Comparison clearly indicates that
angle. Thus, the rhombic (tilted), and axial (high-symmetry) K23 + #?) of N1 and N2 is close to the value of pyrrole
conformations seem to be an adequate starting point for thenitrogens while the value for N3 corresponds to the amine
analysis of the two Fe(NO)heme states occurring in native nitrogen of the imidazole ring. Therefore, the quadrupole
and model systems. parameters permit a more decisive assignment of both N2 and
Assignment of YN ESEEM Signals N1-N3. The ESEEM N3 nitrogens. Couplings N2 are assigned to the pyrrole nitrogens
spectra in our current study show that both state | and Il specieswhich show a higher HFI coupling(= 3.06 MHz) at the high-
display features with a number of lines due to coupling with symmetry state Il conformation as compared to tilted state |.
several’N nuclei. Three groups of nitrogens (NN3) were ESEEM signal N3 is most probably associated with the amine
identified from combined ESEEM and HYSCORE analysis N, of distal His E7, which can form a hydrogen bond with the
(Table 2). The nitrogens N1 of state | with the smallest HFI oxygen of the NO-ligand.
coupling @ = 1.75-2.92 MHz) were preliminarily assigned to From ENDOR dat# it was concluded that in both rhombic
pyrrole nitrogens of the porphyrin ring. The assignment was and axial states a hydrogen bond to the distal histidine is present.
mainly based on the correlation with model complexes with The proton hyperfine interaction in the two states differs
the 1“N/1®N-labeled imidazole ligand®. The two stronger  considerably. It is therefore expected that the nitrogen hyperfine
coupled nitrogens N2N3 of state Il &6 = 3.06 and 5.13 MHz) interaction in the rhombic state, like corresponding proton
are still unassigned. They could be due either to a strongerinteraction, will be substantially stronger and more anisotropic
coupled pyrrole nitrogen or to imidazole nitrogens since two than that in the axial state, a situation unfavorable for ESEEM
histidine residues are found in close vicinity of the heme iron. detection. This could account for the absence of the N3 signals
The proximal (His F8) histidine directly coordinates to iron at in the ESEEM of thexNO-chain.
the fifth axial position and the distal (His E7) histidine is Nitrosyl Hemoglobin Derivatives. For HONO (R-state), the
supposed to form a hydrogen bond with the oxygen of the heme ESEEM analysis (Table 1) gave the ratign, = 1. This finding
NO—ligand?’ is in nice agreement with the EPR results that show the EPR
The fact that the ESEEM spectra of the NBe(TPP)- spectra of HONO(R) at ambient temperatlirend at 77 R to
imidazole model complexes lack the 5.5-MHz line seems to be the same as would result from a simple sum of the spectra
point to the involvement of a protein-based nitrogen. However, of the isolatedaNO and SNO chains. The ratio ~1:1)
the abundance of state Il in the model systems at the low corresponds well to the relation of twa-chains and two
temperatures of the ESEEM experiments-{® K) is still B-chains per hemoglobin unit, and it seems to suggest an absence
uncertain and could perhaps be too low for a noticeable intensity of mutual influence of the chains in tetrameric hemoglobin.
of the 5.5-MHz line; the EPR spectra of the model complex at Although it is conceivable that a cooperative influence of the
these temperatures are not very conclusive on this pbit. a(fB)-chains in the tetrameric hemoglobin occurs changing the
We will therefore consider all possible candidates for|dje= ratios n;/n; from those in the isolatedNO and SNO-chains
3.06 and 5.13 MHz interactions. but still giving the overall ratio (1:1), the present results from
First of all, the proximal His F8 histidine must be ruled out. (aNO,CO)Hb and ¢CO,SNO)Hb hybrids as well the previous
It coordinates to the heme iron by the Nitrogen for which EPR/ENDOR finding® rule out such a possibility. Both hybrids
the hyperfine constant was determined ta#&7 MHz 26 which show ratios nearly identical to those of the corresponding
is a magnitude of order out of range for modulation eff€ts. separate chains, suggesting thereby virtually no mutual coopera-
Since usually a ratio of~20 applies between the isotropic tive influence in HoNO tetramer. The small deviation observed
couplings of coordinated and remote nitrogéhthie remote Ny for the @COSNO)Hb hybrid could be ascribed to a redistribu-
nitrogen of His F8 is estimated to hayal] = 0.8 MHz and tion of a small amount of NO ligand frog to a-chains during
should also not be considered. The next protein-based candidatehe preparation and(or) the sample storage.
is the distal His E7 histidine. TH¢i(2D)-ENDOR investigations It is clear from the spectra shown in Figures 2, 3, and 5 that
of NO—heme systems have suggested the presence of aour experiments were performed at high echo intensity and there
hydrogen bond between the exchangeahl@idton of His E7 are no spectral features masked by noise. Therefore, considering
and oxygen of the N©ligand?? Unpaired electron spin density now the HbNO(T) sample, we note that the same ESEEM
is known to significantly spread over the~§O fragment with spectra as those of HONO(R) are obtained, indicating the same
nearly 30% residing on the NO ligadélt, therefore, seems  balance (1:1) of states | and II. This result does not reflect the
reasonable to expect a delocalization of noticeable unpairedchanges occurring in hemoglobin upon the quaternanTR
electron spin density to the .Nitrogen of His E7 f(2s) = transition which are clearly observed by other, seemingly more
0.20-0.35% corresponds tas, = 3—5 MHz). The pyrrole “crude” techniques such as CW-EPRand opticad* measure-
nitrogens are other likely candidates, being in a different ments. It is the 5-coordinated N&eme species that is
geometry. One could expect that theoverlap between theAl responsible for the spectral evidence of theRtransition
orbital of the unpaired electron with the pyrrole system is more presented by the two mentioned techniques. On the other hand,
favorable in the high-symmetry configuration of state Il than it was shown that the 5-coordinated complex remains silent in
in the “tilted” state | leading to a slight increase from 2 to3 ESEEM measurements and gives rise only to an unmodulated
MHz of the HFI coupling for pyrrole nitrogens. Therefore, this contribution to the ESE signaf.
qualitative consideration of the HFI couplings restricts plausible  Nevertheless, the finding that the orientation-selective ESEEM
E%nghddaiispgl;rglliﬂirggreongs?ns 1o amine pinifogen oT IS 19§582)19§,h6b8/é79 13 cheng, €. i Brown, T. . Am chem. Soc
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spectra of HONO(R) and HbNO(T) are virtually identical at all Although the determinedN hyperfine couplings are con-
magnetic field positions is quite informative. It allows us to sistent with the earlier proposed conformational models, they
conclude, in contrast to previously formulated modeisSthat cannot serve as a basis for a further refinement of the suggested
only a small part estimated as20% of the total amount of  pinding geometries. The complete analysis#fl ESEEM
NO—heme complexes in HbNO(T) is actually present in the spectra is complicated because the nitrogen quadrupole inter-
S-coordinate state. This finding is in accordance with the recent action produces dominant spectral features and information
"_"EN[,)ORd:fS,UItS ?}"‘XNE(F) Cha'ni'n their tert|atr)y t.-staﬂlé. g about the hyperfine couplings with all four pyrrole nitrogens is
_Sn:rq:e,fm a t.'t'on’ftthé'g alnsd_aret nown_not_io_ ebm_vo V?h ; limited. More detailed studies usintN-substituted pyrrole
In the Tormation of the 5-coordinale Species, 1t IS obvious tha nitrogens are necessary to resolve the signals of the individual
the majority of protein conformations in the T-stqte of the HbNO heme nitrogens which in fact should be nonequivalent. Similar
molecule represent the same herldO group as in the R-state. . L . ’
experiments with iorrradicals of chlorophylf and pheophy-
Conclusion tin% have proven to be successful in this respect.

The N ESEEM experiments presented in this study have ,
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