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Hyperfine Correlation Spectroscopy and Electron Spin Echo Envelope
Modulation Spectroscopy Study of the Two Coexisting Forms of the
Hemeprotein Cytochrome cg from Anabaena Pcc7119
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ABSTRACT Oxidized cytochrome ¢ from Anabaena PCC 7119 was studied by electron spin echo envelope modulation spec-
troscopy. Hyperfine couplings of the unpaired electron with several nuclei were detected, in particular those of the nitrogens
bound to the iron atom. Combining the experimental information here presented and previous continuous wave-electron para-
magnetic resonance and electron nuclear double resonance results, some details on the electronic structure of the heme center
in the protein are obtained. These results are discussed on the basis of a molecular model that considers one unpaired electron
localized mainly in the iron d orbitals and propagation of the spin density within the heme center via spin polarization of the
nitrogen g-orbitals. The coexistence of two heme forms at physiological pH values in this c-type cytochrome is also discussed

taking into account the experimental evidence.

INTRODUCTION

Low spin (LS) hemeproteins are involved in many biochem-
ical processes. This is the case of cytochromes, a large and
varied group of proteins that function as charge carriers in
most of the metabolic electron transfer protein chains where
energy transformation takes place. They achieve this func-
tionality by exchanging one electron at the iron atom of
the heme center that alternates between the reduced state,
Fe(II), and the oxidized one, Fe(III) (1).

The elucidation of the electronic structure of heme centers
appears as a critical point in the understanding of the modu-
lation of the mechanisms of reaction involving heme proteins
and, therefore, has deserved several studies in the last years.
NMR and electron paramagnetic resonance (EPR) tech-
niques have been widely used with this aim (2). NMR pro-
vides structural information on both the ferric and ferrous
states of cytochrome. For the ferric form, hyperfine cou-
plings are also determined, allowing models for the heme
electronic structure to be indirectly derived. Although EPR
provides information on only the oxidized Fe(IIl) state of
heme, it allows one to obtain the g-tensor, which is directly
determined by the electronic structure of the iron (2,3). Be-
sides, EPR-related techniques such as electron nuclear dou-
ble resonance (ENDOR) and electron spin echo envelope
modulation (ESEEM) spectroscopy have been demonstrated
to give valuable information on the hyperfine interactions of
the unpaired electron with nitrogen and hydrogen nuclei of
the porphyrin ring and axial ligands (2,4—11). To explain the
hyperfine coupling detected in NMR, ENDOR, and ESEEM
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studies, m-bonding of the iron with porphyrin and axial
ligands has been assumed (2,6). In contrast, continuous wave
(CW)-EPR experiments are properly interpreted on the basis
of an unpaired electron in a #,, triplet of localized (rather
nonbonding) d iron orbitals (3).

In a previous study, we reported on the characterization of
cytochrome cg from Anabaena PCC 7119 (hereafter, Cyt cg)
by CW-EPR and ENDOR (11). Two Cyt ¢ forms displaying
different EPR spectra were characterized. They were identi-
fied as LS and HALS (highly anisotropic low spin) forms.
The first one showed g-tensor principal values of g, =
2.96, g, = 2.30, and g, = 1.41, whereas values of g, =
3.32, g, = 191, and g, = 0.56 were determined for the
second one. These two forms were associated with two
different arrangements of the axial ligands of the heme center
within the protein. Interestingly, the coexistence of two EPR
forms at physiological pH values has been reported in several
other c-type cytochromes (12-16), suggesting it might be
functionally relevant. In addition, our ENDOR characteriza-
tion provided information about the hyperfine interactions of
the unpaired spin with hydrogen nuclei at the heme site.
These studies also indicated spin polarization of the iron
environment, as reported in other heme systems (2,4—11).
Thus, the picture of the electronic structure of the two Cyt cg
forms can still be improved by detecting the coupling of the
unpaired electron to other, still unassigned nuclei in the heme
center.

ESEEM, in particular the two-dimensional (2D) correlation
technique hyperfine correlation spectroscopy (HYSCORE),
has been used in our lab to characterize the LS hemes of
both a model compound and the photosystem II cytochrome
bsso subunit from spinach (hereafter, Cyt bsso) (7). The hyper-
fine coupling of the unpaired electron with nitrogen nuclei
was detected, and the detailed analysis of these HYSCORE
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features allowed a deeper understanding of the structure and
the electronic configuration of those heme centers. A similar
methodology was later used by other authors to characterize
heme systems (8—10).

Here we present a HYSCORE and ESEEM characteriza-
tion of Cyt ¢4 that provides new information on the hyperfine
couplings of the unpaired electron with nitrogen nuclei. On
the basis of these results and those previously reported
from CW-EPR and ENDOR (11), we will analyze the rela-
tionship between electronic structure of these heme centers
and the origin of the spin density in both the porphyrin
ring and the axial ligands. Finally, the nature of the coexis-
tence of the two EPR forms presented by Cyt c¢ will also
be considered.

MATERIALS AND METHODS

Protein purification and EPR sample preparation methods were as previously
described (11). Once produced, EPR samples were kept in quartz tubes (707-
SQ from Wilmad Labglass, Buena, NJ) at liquid nitrogen temperature and
transferred into the resonant cavity without significant warming up.

A Bruker (Karlsruhe, Germany) ESP380E spectrometer working at
X-band was used for HY SCORE and ESEEM measurements. Spectra were
typically performed at ~6 K by using a liquid helium refrigerated Oxford
(Eynsham, UK) CF935 continuous-flow cryostat.

A microwave pulse sequence (7/2-7-1/2-t-r/2-1) was used for the 3p one-
dimensional (1D) ESEEM experiments; the time ¢ was varied with a sampling
interval of 16 ns (Nyquist frequency of 31.25 MHz). For the 2D HYSCORE
experiment, a 4p sequence (7/2-7-m/2-t;-m-t,-w/2-T) was used, where #; and
t, were varied independently. Sampling time was 16 ns or 48 ns (Nyquist
frequency 31.25 MHz or 10.42 MHz, respectively). The duration of the
m/2-pulse was 16 ns for the 3p ESEEM experiments and 24 ns for the 4p ex-
periments, and the inversion m-pulse duration was 16 ns. Typical values of 7
were 96 ns and 208 ns for HY SCORE experiments, whereas | D ESEEM mea-
surements were performed for 7-values of 96 ns, 144 ns, and 208 ns. For every
field position, the amplitude of the pulses was adjusted to make them suitable
for the above described sequences. Appropriate phase cycling was applied to
minimize unwanted echoes.

1D and 2D frequency domain spectra were obtained by processing the
time domain spectra with the program WIN-EPR (Bruker). Background con-
tributions were fit to a polynomial and subtracted from the raw time domain
signals. After windowing with a Hamming digital filter, a fast Fourier trans-
form algorithm was applied to obtain the frequency domain signals. The
application of the digital filter improved the signal/noise ratio without any
significant reduction in the resolution. The spectra shown in the figures
correspond to the amplitude of the frequency domain signals.

EXPERIMENTAL RESULTS

The strong anisotropy of the g-tensor allows us to conduct
orientation-selective ESEEM and HYSCORE experiments,
since they are performed at fixed magnetic field positions
(Fig. 1 A). Consequently, information about the orientation
of the interactions can be recovered from orientationally dis-
ordered samples. It is worth noting that, due to inhomoge-
neous broadening caused by g-strain or other mechanisms,
molecules with slightly different orientations and hyperfine
couplings may be resonating at any given field value. This
can produce an additional broadening of the ESEEM (and
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HYSCORE) features that in some cases might prevent the in-
formation on the hyperfine interactions from being obtained.
The orientation selectivity at every field position can be esti-
mated from the line width of the CW-EPR and ei-EPR fea-
tures. For instance, excitation width is ~20° at 209 mT (g,
HALS position) but is quite smaller for larger field values.
Nevertheless, our ESEEM and HYSCORE spectra displayed
narrow signals that can be properly analyzed, indicating that
the effect of inhomogeneous broadening on the line width re-
mains small enough. It has to be considered that g-strain was
reduced, especially for the HALS form, by using a mixture of
water/glycerol as solvent (11).
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FIGURE 1 (A) 2p echo-induced EPR spectrum of Cyt cg. Positions asso-
ciated with the g principal values are indicated with stars (for LS) and arrows
(for HALS). The high field region is magnified. Contribution to the EPR ab-
sorption of both forms are superimposed in the field region between the two
dashed lines. Positions in the HALS high field contribution where 1D
ESEEM experiments were performed are indicated with solid sticks. See
text for details. (B) Model of the iron-porphyrin complex in Cyt cg. The x
(molecular), X' (electronic), and X (magnetic) axes are indicated with the
rotation/counterrotarion angle y/—y. The z = 7/ = Z axis is perpendicular
to the plane, and the y, ', and Y axes are in the plane, perpendicular to x, X/,
and X, respectively.



1D and 2D ESEEM of Cyt ¢ from Anabaena

As shown in Fig. 1 A, the signals of both LS and HALS
Cyt ¢ forms are superimposed in the magnetic field region be-
tween 234 mT and 495 mT (11). Therefore, when ESEEM ex-
periments are performed within this field region, in principle
both HALS and LS forms could contribute to the spectrum.
We discussed elsewhere (11) that ENDOR spectra performed
in this region ought to be assigned to the LS form, and it is also
valid for the ESEEM spectra. Signals detected at fields either
below 234 mT or above 495 mT come only from the HALS
form.

HYSCORE experiments were performed by tuning the
magnetic field at the positions corresponding to the g-tensor
principal values of the Cyt ¢4 forms (Fig. 1 A), and they were
labeled g;-HYSCORE (i = X, Y, or Z) spectra. Fig. 1 B shows
a scheme of the heme molecule including axes and angles
definition.

Experimental results obtained for the LS and HALS forms
are described separately.

LS form

HYSCORE experiments for the LS form were performed at
gz 234 mT), gy (301 mT), and gx (495 mT) field values
(Fig. 1 A). Fig. 2 A displays a gz-HYSCORE spectrum mea-
sured at 6 K (7 = 208 ns), whereas Table 1 collects the main
features observed in g,-HYSCORE spectra measured at the
different 7 values. The most intense correlation peaks were
those labeled LZ2 and LZ3. The difference between the two
frequencies of each one of these correlation peaks was about
four times the Larmor frequency of '*N (0.7 MHz for this
magnetic field). Consequently, the frequencies of both L.Z2
and LZ3 were assigned to double quantum (dq) transitions
of nitrogen nuclei bound to the iron. Previous studies showed
that the most intense correlation peak in the g,-HYSCORE
spectra corresponds to the nitrogens in the heme porphyrin
ring (N-Hem) (7-10). Therefore, LZ2 was associated with
N-Hem, whereas LLZ3 was associated with the directly coor-
dinated nitrogen of the axial histidine residue (N-His). This
assignment is supported by the combination features LZ4
and LZ5. The frequencies of LZ4 are exactly twice those
of LZ2, whereas the frequencies of LZ5 coincide with the
sum of the frequencies of LZ2 and LZ3. For assigning these
combination features, it should be remembered that there is
only one N-His nitrogen atom bound to the iron, but there
are four nitrogen atoms from the pyrrole rings (N-Hem).
Additional, weaker signals were detected in both quad-
rants (Table 1). The signals corresponded to frequencies
lower than those of the dq-dq peaks and can be assigned
to correlations either between dq and single quantum (sq)
transitions or sq-sq. All the spectral features can be ex-
plained with the nuclear sublevel diagrams displayed in
Fig. 2 B. It is worth noting that one single set of N-Hem nu-
clei (together with the N-His nucleus) is enough to explain
all the observed transitions. This indicates that for the orien-
tation of the magnetic field perpendicular to the heme plane

143

15 20
B
14N -Hem 14N -His
S
T 14 0.6
a1 | % 34
2.7 28
y
2.9 2.0
A4
—_—
6.2
6.9 4.0 4.2
hd y A 4 h 4

FIGURE 2 (A) g--HYSCORE spectrum (B = 234 mT) measured at 6 K of
the LS form of Cyt ¢ from Anabaena PCC 7116. The separation between the
two first pulses was 7 = 208 ns (for other details, see text). (B) Scheme of
nuclear sublevel splitting of the pyrrolic (N-Hem) and axial (N-His) nitrogen
nuclei in the LS form for a magnetic field of 234 mT directed along the Z axis.
The numbers indicate the frequency (in MHz) of the corresponding transition.

(which corresponds to the g axis) the four N-Hem nuclei are
equivalent, as reported in other heme systems (7).

The correlation ridge LZ1 was associated with a proton
interaction with an effective hyperfine constant ~2.6 MHz.
This value turns out to be larger than any of the proton inter-
action constants obtained from g,-ENDOR spectra (11). A
similar signal was reported in bis-histidine model com-
pounds (7), suggesting it should be assigned to one of the
protons in the histidine residue. Parameters for His protons
can be calculated by estimating the proton dipolar coupling
(using a point dipole approximation) and including the iso-
tropic hyperfine constants suggested by Scholes et al. (5).
These calculations confirmed that the coupling with the pro-
ton bound to C(5) of the axial histidine ligand, H(5)-His,
could account for this signal. Values of ~3.1 A for H(5)-Fe
distance and ~41° for the angle between H(5)-Fe and g,
axes were considered, which are compatible with the molec-
ular structure of heme centers.

The dominant features in the gy-HYSCORE spectra of the
LS form (301 mT, Fig. 1 A) again corresponded to N-Hem
and N-His dq-dq correlation peaks (Fig. 3). At this field
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TABLE 1 Correlation features observed in the g~HYSCORE
spectra of the LS form of Cyt cg
Frequency (MHz)* N-Hem' N-His! 'Hi Label*
Single nuclear correlation features
11.6, 9.0 ++ LZ1
6.9, —4.1 ++ LZ2
6.9, —2.7 +
6.9, —14 +
6.2, -3.4 ++ LZ3
6.2, —0.6 +
4.2,0.6 +
4.1, -2.9 +
4.0, —14 +
29, 2.7 +
29,14 +
2.9, 0.6 + +
2.8, =2.0 +
2.0, —0.6 +
Combination features
17.0, —4.1 + +
16.4, —3.4 + +
13.8, —8.2 + LZ4
13.1, =7.5 + + LZ5
12.7, =2.7 + +
10.9, —4.2 +
8.2, —6.9 +
74, -6.3 + +
4.1, 04 + +

The accuracy in frequency is +0.2 MHz.

*The minus sign in the second frequency value indicates that the feature is
detected in mainly the second, (4, —), quadrant of the HY SCORE frequency
spectra.

"Double plus signs denote signals assigned to N dq-dq correlations and to
'H correlations. Other correlations are indicated by single plus signs.

¥For some signals, a label was given to identify them in figures and text.

position, it can be seen that the correlation features are ex-
tended ridges. This is because for this field position, mole-
cules displaying many different orientations with regard to
the field direction all contribute to the spectrum.

In the gx-HYSCORE spectrum of the LS form, three dq-dq
correlation signals could be expected, one from the N-His
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FIGURE 3 gy-HYSCORE spectrum (B = 301 mT) measured at 6 K of the
LS form of Cyt ¢s from Anabaena PCC 7116. Separation of the two first
pulses was 7 = 208 ns. (for other details, see text).
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nucleus and two from the two pairs of N-Hem nuclei that, in
principle, are nonequivalent for this magnetic field orienta-
tion. However, only one dq-dq correlation peak, LX1, was
observed (Fig. 4 A). The LX2 correlation peak, whose fre-
quencies were just twice those of L.X1, indicated that LX1
is associated with the dq-dq correlation of an N-Hem pair.
It seems reasonable that the dq-dq correlation features of the
other N-Hem pair coincide with this one, as it was previously
observed in Cyt bs59 and model compounds (7). A dq-dq
correlation signal due to coupling to a N-His was not detected,
although it might coincide with that of the two pairs of N-Hem
nuclei. Table 2 collects all the correlation signals observed in
the gx-HYSCORE spectra of the LS form of Cyt cg. Interest-
ingly, the experimental features can be well understood by
considering two pairs of nonequivalent N-Hem nuclei with
similar dq frequencies in both nuclear sets but different sq fre-
quencies. The complete nuclear sublevel schemes are shown
in Fig. 4 B. The combination features (collected in the lower
part of Table 2 are fully compatible with these schemes.
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FIGURE4 (A) gx-HYSCORE spectrum (B = 495 mT) measured at 6 K of
the LS form of Cyt ¢ from Anabaena PCC 7116. Separation of two first
pulses was 7 = 208 ns (for other details, see text). (B) Scheme of nuclear
sublevel splitting of two distinguishable pyrrolic (N-Hem) nitrogen nuclei
for a magnetic field of 495 mT directed along the X axis. The numbers
indicate the frequency (in MHz) of the corresponding transition.
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TABLE 2 Correlation features observed in the gx-HYSCORE
spectra of the LS form of Cyt cg

“N-Hem'
Frequency (MHz)* Pair 1 Pair 2 Label*
Single nuclear correlation features
7.8, -2.2 ++ ++ LX1
78,13 +
52,22 +
52,09 +
4.6, -2.2 +
4.6, 1.6 +
4.6, 0.6 +
32,-22 +
2.6, —2.2 +
Combination features
15.6, — 44 + + LX2
15.6, —2.2 + +
13.1, 2.2 +
124, 2.2 +
11.0, —44 +
104, — 4.4 +
7.8, —4.4 + +
44, -32 +

The accuracy in frequency is +0.2 MHz.

*The minus sign in the second frequency value indicates that the feature is
detected in mainly the second, (+, —), quadrant of the HY SCORE frequency
spectra.

"Double plus signs denote signals assigned to "*N dq-dq correlations. Other
correlations are indicated by single plus signs.

¥For some signals, a label was given to identify them in figures and text.

Unfortunately, no signals that could be undoubtedly assigned
to N-His were observed.

HALS form

In the magnetic field region where the CW-EPR spectra of
both Cyt ¢ forms are superimposed, the echo intensity of
the HALS form is too weak to obtain HYSCORE features
associated with it (11). Setting the magnetic field out of this
region allowed us to detect ESEEM signals from the HALS
form. Thus, gz (209 mT) HYSCORE spectra for the HALS
form were measured. No HYSCORE spectra could be
obtained at field positions above 500 mT due to the very
low intensity of the echo, but a series of 1D ESEEM experi-
ments were performed at different field positions (Fig. 1 A).

Fig. 5 A shows a g~-HYSCORE spectrum of the HALS form,
whereas Table 3 collects the detected features in the g,-HYS-
CORE spectra. These features resembled those detected for
LS, and, by proceeding as described above, were interpreted
as corresponding to lH, N-Hem, and N-His interactions. The
proton coupling constant detected in the HALS form was
slightly larger than in the LS form (3.3 MHz versus
2.6 MHz), and the nuclear levels for N-Hem and N-His (see
Fig.2 B for LS and Fig. 5 B for HALS) showed small differences
between the two forms, which suggest structural modifications.

Additionally, a correlation signal HZ4, not observed for the
LS form, was detected; its frequencies corresponded to the
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FIGURE 5 (A) g--HYSCORE spectrum (B = 209 mT) measured at 6 K of
the HALS form of Cyt ¢ from Anabaena PCC 7116. Separation of the two
first pulses was 7 = 208 ns (for other details, see text). (B) Scheme of nuclear
sublevel splitting of the pyrrolic (N-Hem) and axial (N-His) nitrogen nuclei in
the HALS form for a magnetic field of 209 mT directed along the Z axis. The
numbers indicate the frequency (in MHz) of the corresponding transition.

combination of frequencies corresponding to the 'H correla-
tion feature HZ1 and to the "“N-Hem dq-dq correlation
HZ2. As will be discussed below, this combination feature al-
lows us to determine the sign of the N hyperfine interactions.

Fig. 6 displays the 1D ESEEM spectra measured using a 3p
sequence at different magnetic field values between 600 mT
and 930 mT (Fig. 1 A). A complex set of signals at frequencies
below 7 MHz were observed in all cases. At higher frequen-
cies, a well-isolated peak, between 7.5 MHz and 9.5 MHz,
was detected. As the magnetic field was increased, this peak
narrowed and shifted to higher frequencies. The analysis of
these spectra will be centered on this peak.

ANALYSIS OF THE SPECTRA

The spin Hamiltonian used for analyzing nuclear interactions
in cytochromes (LS heme centers) has been described in detail
elsewhere (3,7,11,17,18). In the high field approximation,
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TABLE 3 Correlations observed in the g~HYSCORE spectra
of the HALS form of Cyt cs

Frequency (MHz)* N-Hem'

N-His' "Hf Label*

Single nuclear correlation features

11.0,7.7 ++ HZ1
6.6, —4.2 ++ HZ2
58,-34 ++ HZ3
39,238 +

39,-14 +

37,-34 +

3.7, -0.9 +

2.8, —2.7 +

2.8, 2.1 +

2.1, -0.9 +

Combination features
15.2, 1.1
12.8, —8.2
124, -7.6
10.5, —4.2

+ HZ4

++ 4+

The accuracy in frequency is +0.2 MHz.

*The minus sign in the second frequency value indicates that the feature is
detected in mainly the second, (+, —), quadrant of the HY SCORE frequency
spectra.

"Double plus signs denote signals assigned to "*N dq-dq correlations and to
'H correlations. Other correlations are indicated by single plus signs.

¥For some signals, a label was given to identify them in figures and text.

each nucleus can be considered separately and its contribution
can be described by introducing an effective nuclear Hamilto-
nian, H’}'_F for each electronic manifold, |+ ), with

HY = (§), -AT—guuB-T+1-0T, (1)
where <§ ). is the expected value of the fictitious spin in each
electronic manifold, g, is the g-factor of the nucleus having
a nuclear spin /, u, is the nuclear magneton, and A and Q
represent the hyperfine and the nuclear quadrupole coupling
tensors, the last one being traceless and symmetric. The
quadrupole contribution has to be considered only for nuclei
with 7 > 1, such as "N.

Under the former description, the coupling tensors should
reflect simultaneously the symmetry of the unpaired electron
distribution and that of the bonding between iron and the in-
volved nucleus. The unpaired electron density is given by

p(7) = &d;,, + b’d}. + 3, 2)

where the axes (', y/, Z'), named electronic axes, are obtained
from the molecular axes by a rotation around the z axis of
a certain angle —v (3,7) (Fig. 1 B). The coefficients a, b, ¢
define the unpaired electron distribution and are related
with the principal g-factors through the well-known Taylor’s
equations (19).

Due to the symmetry of the system (7), the hyperfine and
nuclear quadrupole coupling tensors for both, N-His and
N-Hem, nuclei can be expressed in the principal g-tensor
frame (X, Y, Z) (Fig. 1 B) as
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FIGURE 6 3p 1D ESEEM spectra measured at 6 K for different values of
the magnetic field in the high field region of the EPR spectrum of the HALS
form. In all cases, 7 = 96 ns.
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In particular, the components of nuclear quadrupole tensors
of both pairs of N-Hem nuclei can be written in the (X, ¥,
Z) frame as

Oxx = 0,c08’® + Q,sin*®
Oy = Q.sin’® + Qycos’®@ | 4)
Oxy = Orx = —(Qv — Q,)sin@cos®

where Q,, Q,, Q. are the principal values of Q (the same for
all four N-Hem nuclei), and ® is the angle between the x
axes of the quadrupole and g-tensors. Therefore, values of
® for both pairs of N-Hem nuclei should be related by
O + @@ = 90° (7). With these ideas we will analyze
the obtained nuclear transition frequencies for N-His and
N-Hem to get information about the hyperfine and quadru-
pole tensors in both forms of the Cyt cg.

Nitrogen signal in the LS form

When the magnetic field is oriented along the Z axis, the
expressions for the sq (AM; = *1) and dq (AM; = *2)
nuclear transition frequencies associated with each electron
spin manifold, | ), are (7)
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7 Gsal) = |\/(% 1z - )40 -0 + 20

)

VA (sq2) = ‘\/( + 1Az - VN)2 +i(Qx - Qy)2 —20.

v (da) = 24/( = My —m) 410 - Q)
5

where v, is the nuclear Larmor frequency of "N and the
other symbols have already been defined. Consequently,
through these equations Azz, Q., and 60 = |0, — 0,|/2
values can be estimated from the sq and dq frequencies col-
lected in Fig. 2 B.

The following values are obtained:

N-His: |Azz| = 4.7 = 0.5MHz, |Q,| = 0.7 = 0.1 MHz

N-Hem: |Az;| = 5.3 = 0.5 MHz, |Qz| = 0.4 + 0.1 MHz,

whereas the uncertainty in 6Q is too high to obtain a signifi-
cant number. These data are close to those obtained in the
case of Cyt bss9 (7).

The presence of the feature LLZS, combination of LZ2 and
LZ3, indicates that the sign of Az, is the same for both
N-Hem and N-His.

To analyze gx-HYSCORE spectra, we defined the axes for
which the hyperfine term is diagonal in each electron spin
manifold |*+) as X+, Y+, Z+) (see Garcia-Rubio et al. (7)
for details). From the dq-dq N-Hem correlation features
and following the previously described procedure, we obtain

N-Hem: |Ayyx| =4.6 = 0.3 MHz
0.7 MHz < |Axy| < 2.1 MHz.

Then, the values of the effective quadrupolar coupling con-
stants can be obtained by using the sq nuclear transition fre-
quencies and by calculating them up to the first order. From
the data in Fig. 4 B the following values for the two pairs of
N-Hem nuclei are obtained:

0y y. | =0.3320.09 MHz, |0}’ | = 0.47 + 0.09 MHz

0y, |=0.17£0.09 MHz, [0y |= 0.87 = 0.09 MHz.

The angle ® can be obtained for each sign election under
those absolute values when the principal values of the
nuclear quadrupole tensor, Q,, O,, Q., are known.

Only one of the principal values, Q, = Qz, is determined
from our experimental data. We pointed out previously (7)
that the principal direction of the quadrupolar tensor associ-
ated with the principal value with the highest absolute
value, hereafter Q,, should lie in the porphyrin plane, per-
pendicular to the metal-nitrogen bonding direction, being
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its value in the range 0.8 MHz < |Q,| < 1.1 MHz. The
other two principal directions coincide with the normal to
the porphyrin plane (Q.) and with the metal-nitrogen bond-
ing direction (Q,).

The only choice of signs compatible with Ayy values con-
strained by 0.7 MHz < |Axy| < 2.1 MHz (see above) and ful-
filling ®" + ®® = 90° is

oY)y, = 033 £0.09 MHz, 0}y = —0.47 £ 0.09 MHz

07y, = 0.17 £0.09 MHz, 0{y = 0.87 % 0.09 MHz.

This result implies that O, should be larger than 0.87 MHz.

Then, considering values of Q. in the range 0.9 MHz <
0, < 1.1 MHz, we obtain the following values for ew
and ©@?:

72° < O < 111°, —20° < @? < 24°,

The described quadrupole principal axes coincide with the
molecular axes (Fig. 1 B). Therefore, the values of the v
for the two sets allow us to obtain an estimation of the y-an-
gle, which relates magnetic, molecular, and electronic frames.
One of the ® should coincide with y, and the other with 90°
+ v (Fig. 1 B). So we estimate 0° < | v | < 24°, indicating that
the N-Fe directions in the porphyrin plane are near g-tensor
principal axes. This conclusion agrees with the estimation
of the g-tensor frame orientation previously obtained from
two other independent experimental data: proton ENDOR
(11) and NMR (20) measurements. The small value for vy
also explains the narrow correlation peaks observed in the
gx-HYSCORE spectrum of the LS form of Cyt c. In the
case of Cyt bss9, the gx-HYSCORE spectrum displayed sq
correlations with an extended shape (7), which were associ-
ated with the x and y axes, forming an angle near 45° with
the X and Y principal axes of the g-tensor.

Finally, an estimation of the value of Ayy for both types of
nuclei can be obtained from the gy-HYSCORE spectra. The
dq-dq correlation feature due to N-Hem coupling has an ex-
tended shape parallel to the second quadrant diagonal. The
effective hyperfine coupling constant, A,,, for the different
orientation contributing to this gy-signal fulfills

44MHz < |A,,| < 5.1 MHz.

One of these orientations should lie in the XZ plane. Taking
into account the formerly estimated values for A;; and Axx
for such an orientation, A,, = 5.0 MHz. Then it follows
that Ayy = 4.4 = 0.4 MHz for N-Hem. Although it was
not possible to obtain the Ayy value for the N-His nucleus,
Ayy was estimated to be 5.5 = 0.4 MHz from the corre-
sponding dq-dq correlation signal.

Table 4 summarizes the information obtained about the
coupling constants of N-Hem and N-His nuclei in the LS
form of Cyt cg.
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TABLE 4 Nuclear spin Hamiltonian parameters for N-His and
N-Hem in the LS and HALS forms of Cyt ¢

N-His N-Hem
LS form
Axx (MHz) —47 * 02
Axy (MHz) 0.7 < | Axy | < 2.1
Ayy (MHz) —55 + 04 —44 + 04
Az, (MHz) —47 *+ 05 —53 + 05
Omax (MHz) 0.8 + 0.1* 0.9 < Qmax < 1.1%
0. (MHz) —0.7 * 0.1 —04 * 0.1
O (degrees) 72<0P <111 —20< 0P <24
HALS form
Axx (MHz) 27+ 12
A}(y (MHZ) 24 +24
Ayy (MHz) —49 + 1.2
Az, (MHz) —43 + 0.6 —54 +0.7%
—55+0.1°%
Omax (MHz) 0.8 + 0.1% 0.9 < Opax < L.1%
0. (MHz) —0.5 + 0.1 —04 + 0.1

*From the bibliography (see text).

"The two values correspond to the two sets of equivalent N-Hem nuclei (see
text).

Obtained from g-HYSCORE spectra (see text).

S0btained from 1D ESEEM at high fields (see text).

Nitrogen signal in the HALS form

The application of the above described procedure to the g,-
HYSCORE data of HALS allowed us to obtain the following
parameters:

N-His: |Az| = 4.3 + 0.6 MHz, |Q.| = 0.5 = 0.1 MHz

N-Hem: |[Az;| = 5.4 £ 0.7 MHz, |Q.| = 0.4 = 0.1 MHz.

Analysis of the HZ4 feature also provided interesting infor-
mation. It should be remembered that the coordinates of
combination peaks are the sum or the difference of nuclear
frequencies within the same electron manifold. HZ4 com-
bines HZ1, assigned to H(5)-His, and HZ2 from N-Hem.
Since the main contribution of the H(5)-His hyperfine inter-
action is dipolar, it follows that AZZ(IH) is positive (11).
Consequently, from the frequencies of HZ4, we can con-
clude that Az-(N-Hem) is negative. Additionally, the feature
HZ5 that combines HZ2 (from N-Hem) and HZ3 (from
N-His) indicates that the sign of A is the same for both
nitrogen types, and therefore Az,(N-His) is negative as well.
It is worth noting that the hyperfine isotropic contribution of
nitrogen nuclei in LS heme centers was predicted to be neg-
ative (5,21). Here we present experimental evidence for this
assumption.

Analysis of the 3p 1D ESEEM spectra performed in the
high field region of the HALS EPR spectrum will be focused
on the narrow peak between 7.5 MHz and 9.5 MHz. By anal-
ogy with the LS form, it is assigned to the largest dq transi-
tion of an N-Hem nucleus.

For a given value of the magnetic field strength B, the
orientations of the paramagnetic entities contributing to the
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ESEEM spectra can be determined, as they should accom-
plish

hy
ppB’
(6)

where 6 is the colatitude and ¢ is the azimuth of the magnetic
field direction referred to the g-tensor principal axes frame,
and v is the microwave frequency. Except for the extremal
field positions corresponding to the gx and gz values, mole-
cules with different orientations contribute to the spectra
measured at each B value. Besides, it should be noted that
0- and ¢-angles will also be different for molecules with
slightly different g-tensor principal values. Such molecules,
as well as others with different A values, can be in the sample
because of the inhomogeneous broadening (from g-strain or
other processes). The effect of these would be an additional
broadening of the ESEEM signals. By simulating CW-EPR
and ei-EPR spectra of the HALS form, we got an estimation
of the excitation width in the ESEEM experiments. For the
field region between 600 mT and 930 mT, we obtained
a value of 4° around the orientations calculated from Eq. 6
as the largest width that can be considered small. Moreover,
the peak between 7.5 MHz and 9.5 MHz remained narrow
for all the measurements. It indicates that the effect of the
inhomogeneous broadening on this peak is small and can
be neglected.

The frequency of the nuclear transition displaying the se-
lected peak in the ESEEM spectra depends on the orientation
of the magnetic field. For the g-value in each measurement,
among all the excited molecules there is some of them ori-
ented in such a way that the magnetic field lies on the ZX
plane. For these molecules, the angle «; that the magnetic
field makes with the X axis is given by

g* = gisin’fcos’p + gisin*fsin’p + gicos’d =

2 2
costay = S28 (7
7 — 8k

Similarly, there are molecules oriented in such a way that the

magnetic field lies on the XY plane, for which the angle o,
that the field makes with the X axis is
2 2

cos’a, = g;, gz. ®)
8y — 8x

The frequencies of the dq nuclear transitions can be calcu-
lated to the first order for these two particular orientations
(see Supplementary Material for details):

dq 2
(%) = P, + Q,cos2q, (for B in the ZX plane)  (9)

pa 2
(?i) = P, + Qyc082a,

+ Rysin2a, (for B in the XY plane),  (10)
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where Py, Oy, P,, 0>, and R, are constants that depend on
g- and A-tensors parameters. The corresponding o and «;
values are determined from the magnetic field strength value
using Eqgs. 7 and 8. Fig. 7, A and B, shows the values of
(qu/B)2 as a function of cos(a) and cos(ay,), respectively.
By fitting Egs. 9 and 10 to the data of Fig. 7, A and B, respec-
tively, we obtain P, = 562 + 5 MHz*/T? and Q, = —489 =+
5 MHZ*/T?, P, = 245 + 15 MHZ*/T?, 0, = —166 = 10
MHZ*/T?, and R, = —14 + 10 MHZz*/T*. Dotted lines repre-
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FIGURE 7 Open circles give a representation of (qu/B)2 values as a func-
tion of cos(et;) (A) and cos(e,) (B). Dashed lines represent the fit of Eqs. 9
and 10 to the experimental data (see text for definitions and details).
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sent the evolution predicted by Eqs. 9 and 10 with these
values. Experimental data display an excellent accordance
with the model.

From those fitting values, and following the procedure
outlined in the Supplementary Material, the following hyper-
fine coupling parameters for N-Hem are obtained:

Azz = =55+ 0.1 MHz Ayy = —2.7 + 1.2 MHz

Ayy = —49 + 1.2 MHz AXY = 2.4 + 2.4 MHz.

The result for Az, from this analysis fits with the one ob-
tained for N-Hem from g,-HYSCORE measurements of
the HALS form, which supports the assignment of the
peak to hyperfine coupling with these nuclei. It is worth not-
ing that the coincidence of the dq nuclear transitions for all
the exited molecules, and in particular those in the two orien-
tations that we have analyzed here, is incidental. In fact,
a well-resolved, narrow peak is detected because the specific
g- and A-tensor parameters of the HALS form make this dq
transition nearly constant for all the excited molecules in the
measuring field positions. For other spin Hamiltonian param-
eters the transition frequency could change for the different
orientations, the spectral feature would spread out and would
not be detected.

A summary of the information obtained about the cou-
pling constant of the N-Hem and N-His nuclei in the
HALS form of Cyt ¢ is also given in Table 4.

DISCUSSION

The presented ESEEM study takes advantage of the field ori-
entation selection to retrieve information on the quadrupole
and hyperfine interaction coupling tensors of the nitrogen
nuclei N-Hem and N-His. These data allow us to obtain valu-
able information about the structure and electronic distribu-
tion of these LS heminic entities.

The y-angle that indicates the direction of the magnetic X
axis with respect to the molecular frame (Fig. 1 B) has been
estimated to be between 0° and 24° for the LS form. This an-
gle was previously determined for Cyt cs from Anabaena
PCC 7119 independently of NMR (20) and ENDOR (7)
measurements. In both cases, the y-value was near 10°, fully
consistent with our findings.

Besides, the iron electronic distribution can be depicted
from the g-tensor frame orientation (3,11). The unpaired
electron is mainly in the zy’ plane, where the y' axis direc-
tion makes an angle of —y with one of the Fe-N-Hem direc-
tions (Fig. 1 B). Consequently, in Cyt cg the semiocuppied
orbital is near one of the Fe-N-Hem bonding directions.
This situation differs noticeably from that of our previous
HYSCORE study on Cyt bsso and a model compound,
where it was found that the unpaired electron lies in a plane
normal to the heme plane but almost bisects two of these
bonding directions (7). This demonstrates the ability of this
kind of analysis for discriminating between both situations.
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The lack of N-His ESEEM signals for some orientations of
the magnetic field, in particular in the gx-spectra, prevents us
from obtaining information about the spatial arrangement of
this axial ligand. In a previous ENDOR study (11), it was
suggested that the imidazole is oriented in such a way that
its projection on the heme plane is almost perpendicular to
the gx axis. This could explain why the N-His coupling is
not detected in the gx-HYSCORE spectra, as the X direction
would be near a principal axis of the N-His hyperfine tensor
and, therefore, the intensity of their HYSCORE features
could be small.

In the case of the HALS form, the incomplete determina-
tion of the quadrupole tensor prevents us from obtaining the
g-tensor frame orientation. This was also the case in the pre-
viously mentioned ENDOR study (11).

On the other hand, the combination of data obtained from
ENDOR (11) and ESEEM studies provides detailed informa-
tion on the hyperfine interactions for many nuclei within the
porphyrin ring and the axial ligands of the heme center for
both LS and HALS forms.

Summarizing, the following evidence has been collected:

Hyperfine interaction with N nuclei adjacent to the iron is
significant.

Their isotropic and anisotropic components are compara-
ble.

The isotropic part is negative for the HALS form. A sim-
ilar sign is expected for the LS form, as well as for
other LS heme systems.

Hyperfine interactions with mesoprotons, protons in the
methyl substituent of the pyrrole rings, and protons
in the axial ligand residues (His and Met) were de-
tected from ENDOR measurements (11). A point dipo-
lar model accounted for the anisotropic part, but they
all displayed an isotropic contribution that should be
associated with spin polarization of these atoms.

Several of our findings for the oxidized protein resulted in
not being compatible with the x-ray structure of the re-
duced one: first, the structure showed only one form
for the heme center; second, the hyperfine coupling
for several protons in both axial ligands predicted
from the structure turned out to be very different
from the measured ones (11); and finally, the projec-
tion of the imidazole ring on the porphyrin plane dis-
plays an angle of ~35° with an N-Fe-N direction,
whereas ENDOR results for the LS form suggested
that this angle must be ~10° (11). Therefore, a remark-
able structural change in the oxidation process can be
inferred.

The three main differences between the two forms de-
tected in our studies are first, a different orbital for
the unpaired electron, the HALS form showing a larger
admixture of dy, and d,, with the d,,, main orbital (11);
second, differences in the hyperfine interaction with
N-Hem, with a smaller isotropic part and a higher
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anisotropic part for the HALS form as compared with
the LS one; and third, a value for | Q.| of N-His nucleus
larger in the LS form than in the HALS one.

The presence of anisotropic hyperfine interaction with
N nuclei is not a proof of spin polarization, as it could
come from dipolar interaction with the spin density in the
iron. However, there is no doubt that polarization of the
s-orbitals occurs for all the nuclei with isotropic hyperfine
interaction.

We can discuss the origin of the spin density on the por-
phyrin ring and the axial ligands. The standard models for
analyzing NMR data on hyperfine couplings in LS heme sys-
tems suppose that the semioccupied iron orbital forms mo-
lecular orbitals with m-orbitals of the ligands, and ~20% of
the spin density is out of the iron orbital (22). This would ex-
plain the spin densities in protons of the axial ligands and
porphyrin ring obtained from NMR measurements. On the
other hand, this model contrasts with the fact that many
EPR spectra of LS heme systems are properly interpreted
by using a model where the deviation of the “‘reduction fac-
tor” K (which is a measure of the presence of the electron out
of the iron orbital) from 1 is small or even negligible (2,3).
Furthermore, proton anisotropic hyperfine coupling parame-
ters are correctly obtained from ‘“point dipole interaction”
calculations where the electron spin is supposed to be at the
iron position, without using any reduction factor, addition-
ally pointing out that the unpaired electron is very localized.
Magliozzo and Peisach (21,23) have argued that a negative
isotropic contribution for the N-Hem hyperfine coupling,
as the one found in our work, should be mainly due to a direct
spin polarization of s-orbitals of nitrogen atoms, whereas the
existence of unpaired electron density in a m-orbital would
contribute positively to it. So, direct polarization would
dominate in the detected N hyperfine coupling.

In a recent study, Johansson et al. (24) pointed out an al-
ternative model from density functional theory (DFT) calcu-
lations that would account for all the experimental evidence.
According to their calculations, the spin density would ap-
pear in the ligands mainly via spin polarization of the orbitals
involved in the o N-Fe bonding. The total spin density in the
semioccupied d iron orbital would correspond to one elec-
tron, but this density would cause strong spin polarization
of the rest of the iron orbitals. This idea is well supported
by the fact that iron s-orbitals are indeed strongly polarized
and display a large hyperfine interaction, detected from
Mossbauer measurements (3). The polarization would also
involve electrons in the iron orbitals implicated in the coor-
dinate bond of the heme complex that come from the lone
pair orbitals of N-Hem and N-His. Thus, these N 2sp” bond-
ing orbitals would show a large, negative, spin density. From
these calculations, the rest of the spin density in the molecule
would also be explained, including some spin density that
propagates to the conjugated m-orbitals of the porphyrin
and imidazole rings. According to this model, iron-porphyrin
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and iron-imidazole m-bondings, if occurring, would be sub-
stantially weaker than previously considered, as the widely
used semiempirical calculation methods are not accurate for
the interpretation of experimental data in these systems (24).

A key point of this model is that spin polarization places
spin density out of the iron orbitals without delocalization
of the unpaired electron. It predicts nearly one electron
spin in the d,,, iron orbital, as detected by CW-EPR, negative
isotropic hyperfine contribution for N-Hem and N-His, as
suggested by this and other studies (5,7-10,21,23), and
spin polarization in the heme environment, as detected by
NMR, ENDOR, and ESEEM. Experimental determination
of hyperfine tensors’ frame orientations in heme systems
would be useful for additionally supporting this model.

It should be noted that both models are not radically differ-
ent: the former one neglected the importance of the g-polar-
ization and overvalued that of the mw-bonding, but in both
cases m-spin density is responsible for the detected hyperfine
coupling of many nuclei throughout the heme center. Never-
theless, these differences could be relevant from a mechanis-
tic point of view.

As a final point we want to pay attention to the coexistence
of the two different EPR forms, LS and HALS, in Cyt ¢¢. Our
experiments have shown that both forms display different
electronic distribution within the iron orbitals, both without
any appreciable spin electron delocalization (11). The
change in the electronic distribution could slightly affect
the N-Fe bonding in the complex, accounting for the de-
tected differences. However, it is worth noting that the hy-
perfine couplings in both forms are rather similar, indicating
that, although the spin polarization process can be affected
by the actual electronic distribution of the iron, it takes place
in a similar way for both forms.

We pointed out in the Introduction that such a coexistence
often takes place in cytochromes and other hemeproteins
(12-16). It is well established that the difference between
LS (type II) and HALS (type I) heme systems is mainly
due to the relative orientation of the axial ligands (2,3). In
bis-imidazole heme centers, the LS form corresponds to
nearly parallel imidazole rings, whereas the HALS form dis-
plays nearly perpendicular imidazole rings. In His-Met hem-
eproteins such as Cyt cg, the actual form of the heme center
has to be controlled by the orientation of the axial ligands as
well, although the influence of each residue could be differ-
ent. For some cytochromes ¢ where coexistence of two forms
was revealed from EPR measurements, NMR studies sug-
gested that a change in the conformation of Met ligand
would cause switching from one EPR form to another
(25,26). The process may be similar in our case, although
we have no data supporting this hypothesis.

On the other hand, larger orientational changes between
the two forms cannot be rejected. As we indicated, it should
be taken into account that a noticeable change in the axial
ligands conformation seems to take place in the oxidation
process. Even if differences in the axial ligand orientations
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between both EPR forms were modest, the switching between
them would have additional structural consequences, as the
conformation of the porphyrin ring should also change,
from planar (LS) to ruffled (HALS) (2,6). It is worth noting
that previous calculations of model heme complexes showed
that the orientation of the axial ligands does not appreciably
change the energy of the system (27). As the axial ligands
are chain residues in hemeproteins, their precise orientations
with regard to the heme cofactor are controlled by the protein
structure. The conformational changes between the two coex-
isting oxidized forms could influence the formation of the re-
action complexes or the mechanisms of electron exchange. In
this context, it is worth remembering that Cyt cg, as a charge
carrier, accomplishes two reactions with different complexes:
oxidation of cytochrome b¢f and reduction of photosystem 1.

CONCLUSION

An ESEEM study of the two EPR coexisting forms of Cyt c¢
was performed. HYSCORE experiments provided informa-
tion on the hyperfine couplings of the nitrogens bound to
the iron, including the sign of the isotropic coupling param-
eters. For the HALS form, additional information was ob-
tained from 1D ESEEM measurements. The combination
of these experiments with data from CW-EPR and ENDOR
provided valuable data on the electronic structure of both
forms. Our results support a spin distribution model for LS
heme systems based on an unpaired electron very localized
in an iron d orbital and a main way of polarization of the por-
phyrin and axial ligands via ¢ iron-nitrogen bonds. The func-
tional relevance of the coexistence of these two forms, often
observed in c-type cytochromes, was discussed on the basis
of the experimental evidence.

SUPPLEMENTARY MATERIAL

Background, application of data, and one table are avail-
able at www.biophys.org/biophysj/supplemental/S0006-3495
(08)00002-7.
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