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ABSTRACT The detailed analysis of the continuous-wave electron paramagnetic resonance and electron nuclear double
resonancemeasurements on cytochrome c6 from Anabaena PCC7119 reveals several electronic and structural properties of this
hemeprotein. The oxidized protein shows two forms that differ in the arrangement of the residues that act as heme axial ligands.
Information about the orientation of these residues is obtained for one of the forms, which turns out to differ from that found in the
reduced protein from x-ray experiments. The biological significance of these results is discussed.

INTRODUCTION

Physical techniques have been widely used in the study of

the structure-function relationship of proteins. Among them,

EPR and EPR-related techniques have provided a very useful

tool for the analysis of metalloproteins involved in redox

processes (see, for instance, Lowe (1) and Hoffman (2)).

These techniques give information about the electronic struc-

ture of the metals present in proteins, as well as about their

close environment, both of which are usually relevant for

protein function. Additionally, ENDOR and ESEEM allow

us to resolve hyperfine structures not seen in conventional

CW-EPR, thereby improving the knowledge of the para-

magnetic center structure.

Hemeproteins have been characterized by EPR since

the first stages of its development, nearly 50 years ago (3).

Among them, cytochromes of type c constitute an important

group due to the critical biological functions they have as

electron carriers involved in many vital processes, including

photosynthesis, cell respiration, detoxification, and apoptosis

(4). Cytochromes c usually display a CW-EPR signal in the

oxidized (Fe31) state corresponding to the low spin S ¼ 1/2

iron configuration, with a very anisotropic (rhombic) Zeeman

interaction. A large number of cytochrome c CW-EPR

spectra can be found in the literature; however, in many

cases, they were reported only to determine the correspond-

ing g principal values or to support the axial coordination of

the heme (5–10). The lack of any resolved hyperfine in-

teraction in the CW-EPR spectrum precludes more detailed

information about the electronic structure of the heme center.

Alternatively, EPR-related techniques such as ENDOR or

ESEEM may reveal weak hyperfine interactions with adja-

cent (1H, 14N) nuclei. Nevertheless, relatively few works

using these methods to study cytochromes or related heme

systems have been reported (11–17).

Cytochromes c6 are low-molecular-mass, monomeric,

low-spin, soluble cytochromes c, which function as electron

carriers between the cytochrome b6f complex and the P700

reaction center of Photosystem I in cyanobacteria and green

algae (18). In the case of the cyanobacterium Anabaena PCC
7119, plastocyanin acts as the preferred electron carrier in

this reaction, but it is replaced in this function by cytochrome

c6 when a shortage of copper in the medium prevents syn-

thesis of enough plastocyanin (18). Cytochromes c6 from

several species, including Anabaena PCC 7119, have been

characterized by means of several techniques, including

CW-EPR, NMR, and x-ray diffraction (7,10,19–24), provid-

ing information about the heme structure in different states.

Unusual CW-EPR spectra have been reported for some of

them, such as pH dependence of the EPR signal or coex-

istence of different EPR forms. EPR spectra of Anabaena
cytochrome c6 have been reported at pH values ranging

between 5 and 11 (19). These spectra were analyzed on the

basis of the Taylor model (25), and estimations of the crystal

field parameters D/l and V/l were obtained (19). The study

also raised some open questions:

1. Two EPR forms coexist, and they are dependent on the

pH (19,20). Similar behavior has been described in

several cytochromes (5,7). In the case of cytochrome c6
from Anabaena, the coexistence of two different protein

forms has been detected in NMR measurements, indi-

cating that the EPR observations are not just a con-

sequence of the frozen state (20). However, only one

pH-dependent reduction potential has been described for

the protein (19).

2. At pH 7, the spectra allowed the principal g-tensor values
(gX ¼ 1.43, gY ¼ 2.29, gZ ¼ 2.94) for one of the two
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coexisting forms to be directly obtained, but only the

low-field feature (g3 ¼ 3.3) of the other form could be

unambiguously assigned. A very broad feature at gef ¼
2.05 was tentatively assigned to the intermediate princi-

pal g-factor (g2) and the third one was estimated (g1 ¼
1.05) using the empirical formula g2X1g2Y1g2Z ¼ 16 (26).

3. The heme axial coordination was analyzed in terms of

the crystal field parameters D/l (tetragonal field) and

V/D (rhombicity). This technique was introduced (27,28)

as a semiempirical method to predict the likely ligands to

low-spin heme. For Anabaena cytochrome c6, the crystal
field parameters corresponded to a bis-histidine axial

coordination. In fact, on the basis of sequence and struc-

ture comparisons, the iron in Anabaena cytochrome c6
actually displays methionine-histidine axial coordination.

The nature and mechanistic relevance of these observa-

tions has not yet been established. As the coexistence of

different forms of cytochrome c6 in vivo could have im-

portant functional consequences, a supplementary effort in

CW-EPR characterization is necessary to resolve these open

questions.

ENDOR spectroscopy may also help to provide a better

understanding of the electronic structure of the heme center

within the protein environment. This technique allows the

measurement of weak hyperfine coupling to the paramag-

netic species. Some ENDOR studies for characterizing heme-

proteins, iron-porphyrin model complexes, and other heme

systems have been reported (11,12,14–16,29). In such stud-

ies, interactions of the electronic spin with some of the ni-

trogen and hydrogen nuclei surrounding the iron atom have

been reported. Additionally, if a reliable three-dimensional

environment of the studied heme group is known, the point

dipole interaction term can be calculated. These calculations

are considered a good approximation for the actual dipolar

coupling with nuclei distant by .0.25 nm (30) and have

been used, in combination with the contact hyperfine inter-

action part as estimated from NMR studies, to compare the

evaluated proton frequencies with experimental ENDOR

results in some heme systems (12). These data provide valu-

able information about the electronic structure of the heme

environment, in particular by estimating the g-tensor prin-
cipal directions.

In this article, we present a study of cytochrome c6 from
Anabaena PCC 7119 using EPR spectroscopy and 1H-

ENDOR. We will focus on samples at pH,7.5, as the acidic

region is more relevant from a mechanistic point of view.

MATERIALS AND METHODS

Protein purification and EPR sample preparation

Cytochrome c6 was purified from the cyanobacterium Anabaena PCC 7119,

as previously described (19,31). After purification, a mixture of oxidized and

reduced species is obtained, since cytochrome c6 from Anabaena does not

spontaneously oxidize in the presence of O2. We have also observed that

several conditions induce the autoreduction of a proportion of the molecules

and that the two reduction states show distinct behavior in a CM-Cellulose

column. Similar observations have been made in cytochromes c6 from other

species (32). Therefore, complete oxidation of the sample before EPR

measurements was required. Samples obtained after purification were fully

oxidized by adding an excess of ferricyanide. After oxidation ferri- and

ferrocyanide were removed from the sample by successively concentrating

and replacing the buffer using Centricom tubes (Amersham, Piscataway,

NJ). The final oxidized concentrated sample was prepared in HEPES buffer,

50 mM, pH 7, which was used as solvent in the experiments described.

When indicated, glycerol was also added to the solvent (up to 30% by

volume). Samples were transferred into quartz EPR tubes of 3-mm internal

diameter. Dissolved molecular oxygen, which might produce a spurious

broad EPR signal, was removed by flushing the EPR tubes under an argon

flow system for 30 min. Samples were immediately frozen and stored at 77 K.

EPR and ENDOR measurements

CW-EPR and ei-EPR spectra were recorded on a Bruker (Karlsruhe,

Germany) ESP380 spectrometer working at X-band. An Oxford (Eynsham,

UK) CF935 continuous-flow cryostat was used. Typical measurement con-

ditions for CW-EPRwere temperature, 15 K; modulation amplitude, 0.4 mT;

and microwave power, 0.1 mW. For ei-EPR, the standard two-pulse and

three-pulse sequences were used, and the spectrum was recorded with fixed

t and t values and collecting the echo intensity while the magnetic field is

swept.

ENDOR measurements were recorded on a Bruker ESP300 spectrometer

with a Bruker ENDOR accessory with a 500W radiofrequency amplifier and

frequency modulation, and an Oxford ESR900 continuous flow cryostat.

Typical measurement conditions were temperature, 6 K; and microwave

power, 5 mW.

Calculation of hyperfine constants using
the point dipole approximation

Hyperfine interaction parameters can be straightforwardly calculated if both

electron and nuclear spins are considered as point magnetic dipoles (30). In

such a situation, the hyperfine Hamiltonian can be divided into

H ¼ Hiso 1Hdip;

where the Hiso ‘‘contact’’ term is

Hiso ¼ Aiso S~ I~;

where Aiso is the isotropic hyperfine constant, and S~ and I~ the electronic

and nuclear spins (in the case of 1H coupling to low-spin heme, S ¼ 1/2 and

I ¼1/2).

The anisotropic Hdip part is described by

Hdip ¼ ~mme~mmn

r
3 � 3ð~mme r~Þ ð~mmn r~Þ

r
5 ;

where r~ is the vector connecting the iron atom with the interacting proton.

The associated electronic (~mme) and nuclear magnetic (~mmn) moments are

defined as

~mme ¼ �mB g̃ S~;

~mmn ¼ mN gN I~;

where mB, mN, gN, and g̃ are the Bohr magneton, the nuclear magneton, the

proton g-factor, and the electronic g-tensor, respectively.

In particular, simpler expressions can be derived for hyperfine splitting

when the proton hyperfine interaction is weak in comparison with Larmor

EPR and ENDOR Study of Cytochrome c6 2251

Biophysical Journal 91(6) 2250–2263



frequency nL, and the magnetic field points toward one of the g̃ principal

directions. In this case, two ENDOR signals associated with each interacting

proton are detected, at frequenciesn1 and n�:

n6 ¼ nL 6
Aii

2
;

where i stands for one of the principal directions X, Y, or Z. The hyperfine

splitting is then obtained as

Aii ¼ Aiso 1 ðAdipÞii;
where (Adip)ii is

ðAdipÞii ¼
mNmBgNgi

r
3 ð3 cos2u� 1Þ;

and u is the angle between the magnetic field vector, B~, and r~.

Preliminary x-ray diffraction studies of the three-dimensional structure

of Anabaena (ferro)cytochrome c6 (P. Legrand, unpublished data) supply

values of distance and orientation of each proton relative to the iron center (r~

vector) for our calculations. These x-ray studies reveal just one structure for

the heme environment. Coordinates of the atoms in the heme group and in

the iron axial ligands His-18 and Met-58, as well as some relevant distances

and angles, are displayed as Supplementary Material. Fig. 1 A shows the

notation used for the nitrogen and carbon atoms in heme, His, and Met

moieties, and Fig. 1 B depicts the heme environment. Since protons are not

detected in the x-ray structure, their positions were calculated from the

appropriate bonding direction assuming a C (or N)-H distance of 0.11 nm.

Computer simulation of ENDOR spectra

To confirm the analysis of the experimental ENDOR signals, computer

simulations of the spectra at different magnetic field positions were done. The

software package used for EPR spectroscopy was EasySpin, version 2.5.0.

This is free software developed by the EPR group of the Eidgenössische

Technische Hochschule Zürich (33).

General conditions for simulations were excitation line width, 200 MHz;

and g-strain, 10%. For other conditions specific for each proton, see Table 6

and text.

EXPERIMENTAL RESULTS AND ANALYSIS

EPR spectra

Fig. 2 A shows the CW-EPR spectrum of Anabaena cyto-

chrome c6 at 15 K, similar to that previously reported (19).

The spectrum shows the characteristic features of form I and

form III (34); we hereafter label these as LS and HALS,

respectively. The features corresponding to the principal

g-factors of the LS form (gX¼ 1.45, gY¼ 2.31, gZ¼ 2.94) and

the only recognizable feature for the HALS form (g ¼ 3.30)

are indicated. Additionally, a narrow signal at gef ¼ 2.05 is

also seen in the spectra (see Fig. 2 A). It is found that the

intensity of this signal relative to the other in the spectrum

changes from one sample to another.

We have made additional effort to fully characterize the

HALS form. To reduce the inhomogeneous signal-broadening

related to ice crystal formation, ‘‘g-strain’’ (35), which has

been shown to affect aqueous samples of cytochromes, the

spectrum was also recorded in the presence of glycerol as a

vitrifying agent. EPR spectra of cytochrome c6 in the

presence of glycerol showed small shifts of the features as

well as a narrowing of all the signals except the one at gef ¼
2.05 (Fig. 2 B). The latter effect is particularly shown by the

gef ¼ 3.30 signal from the HALS form, which displays a

relative increase in height in comparison with the gef ¼ 2.96

peak from the LS form. Additionally, a broad feature at gef¼
1.91 was also clearly distinguished.

The effects of temperature and microwave power changes

on the spectral features of these EPR spectra were also

analyzed. Increasing the temperature caused a broadening of

FIGURE 1 Three-dimensional model of the heme group in Anabaena

cytochrome c6. (A) Scheme of the heme plane and axial residues, with the

nomenclature for the heme nitrogens and residue carbons and nitrogens, and

a draft of the three used axis frames. The x (molecular), x9 (electronic), and X
(magnetic) axes are indicated with the rotation/counterrotation angle g/�g.

The z [ z9 [ Z axis is perpendicular to the plane, and the y, y9, and Y axes

are in the plane, perpendicular to x, x9, and X, respectively. (B) Three-

dimensional model showing the heme group as observed in the x-ray

diffraction model of the heme Anabaena PCC 7119 (ferro)cytochrome c6.
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the signals. This effect is more pronounced for gZ ¼ 3.30

and gef ¼ 1.91 features and they became unobservable at

temperatures .50 K (spectra not shown). The three features

due to the LS form (gX ¼ 1.45, gY ¼ 2.31, and gZ ¼ 2.94)

were observed up to 80 K, whereas at higher temperatures

only the gef ¼ 2.05 signal could be detected. Increasing

microwave power induced a partial saturation of the LS

features (and of the gef ¼ 2.05 signal as well), whereas the

gef ¼ 1.91 and gef ¼ 3.30 signals showed a linear depen-

dence throughout the accessible power range. These results

strongly suggest that the gef ¼ 1.91 signal corresponds to the

intermediate principal g-factor of the HALS form. All the

evidence points to the gef ¼ 2.05 signal as being due to a

paramagnetic impurity. As has been indicated, it shows no

correlation with the behavior of other spectral features. Even

its relative intensity varies from one sample to another when

they come from different purifications. Other authors also

detected the same signal in other cytochrome c samples, and

they assigned it to an exogenous (probably copper) center

(7,8).

The high-field feature (gX) of the HALS form still remains

undetectable in the CW-EPR spectrum. To overcome this

limitation, ei-EPR experiments on Anabaena cytochrome c6
at 6 K were carried out (Fig. 3). The ei-EPR technique

produces an apparent ‘‘absorption mode’’ CW-EPR spec-

trum by measuring the electron echo during a magnetic field

sweep (30), sometimes allowing detection of broad unre-

solved signals in CW-EPR spectra. The ei-EPR spectra of

Anabaena cytochrome c6 allows a straightforward identifi-

cation of the three features of the LS form, the low-field gZ
feature of the HALS form, and the spurious signal at gef ¼
2.05. In the sample containing glycerol, the gY feature of the

HALS form (gY ¼ 1.91) is also revealed (Fig. 3). Moreover,

the echo signal is still observed in the low-g-value magnetic-

field region. Depending on the specific t (2p), or t- and

t-values (3p), ei-EPR spectra sometimes show apparent

‘‘features’’ as the one in 650 mT for 2p in Fig. 3. These are

due to echo modulations, and change from one spectrum to

another. However, the echo signal is still detected at mag-

netic field values .1200 mT. This echo must be due to the

HALS species. Above the shoulder feature in the ei-EPR

spectra (high-field arrow in Fig. 3), echo intensity decays to

zero for all t- and t-values.
Thus, ei-EPR allows detection of the high-field part of the

HALS signal that is not seen in conventional CW-EPR

spectra. Therefore, the complete set of principal g-tensor
parameters for the two coexisting Anabaena cytochrome

FIGURE 2 X-band EPR spectra of oxidized cytochrome c6 from

Anabaena PCC 7119 at 15 K: (A) HEPES buffer, 50 mM, pH 7; (B)

HEPES buffer, 50 mM, pH 7, with 30% glycerol. Asterisks mark the three

features corresponding to the principal g-factors of the LS form, and arrows

features corresponding to the principal g-factors of the HALS form (see

text). gef factors are shown for each relevant signal. High-field region of the

spectra is magnified to show gY and gX features.

FIGURE 3 Two-pulse (t ¼ 96 ns) (upper) and three-pulse (t ¼ 96 ns,

t1 ¼ 208 ns) (lower) ei-EPR spectra of Anabaena PCC 7119 cytochrome c6
at 6 K in 50 mM HEPES, pH 7, and 30% glycerol. The LS form features are

marked with stars and the features assigned to the HALS form with arrows.

The high-field regions are magnified. The small peak between gef¼ 2.30 and

gef ¼ 1.91 corresponds to a paramagnetic impurity, and the broad feature at

650 mT in the two-pulse spectrum is caused by echo modulation and does

not correspond to a CW-EPR feature, as is demonstrated by the persistence

of the echo up to 1.3 T (see text). It must be noted that in the field region

between the two dashed lines there is EPR absorption from the two

cytochrome forms.
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c6 forms, at pH 7, LS and HALS, is obtained (Table 1). The

values given here are slightly shifted with respect to those

previously reported, owing to the decrease of the ‘‘g-strain’’
effect. It must be pointed out that the empirical formula

g2X1g2Y1g2Z ¼ 16 is not fulfilled by the HALS form g-tensor
principal values here determined for Anabaena cytochrome

c6. This formula has usually been applied to systems where

one of the principal values cannot be obtained directly from

experiments, but it does not have theoretical support from the

heme electronic ground state description, as the equations in

Taylor’s study (25) show that the quantity g2X1g2Y1g2Z can

reach any value between 12 and 16. Some known heme

systems give a value close to 16, but there are several ex-

ceptions reported in the literature (33,36).

It has been suggested that the coexistence of the two EPR

forms might be produced by ‘‘in vitro’’ oligomerization. To

clarify this point, and following Campos et al. (7), a study

was carried out concerning the dependence of the intensity of

the EPR signals on protein concentration. Fig. 4 shows that

no change in the relative intensity of HALS and LS forms is

observed upon increasing protein concentration. If oligo-

merization had taken place, the relative intensity of the olig-

omer signal upon decreasing protein concentration by 100

times might be expected to be reduced to ,10%, depending

on the dissociation constant. The effect of ionic strength on

the putative oligomerization was also analyzed by determin-

ing the relative intensities of the LS and HALS forms as a

function of the ionic strength of the medium (between 0 and

300 mM of NaCl in the sample buffer), but no major changes

were detected (not shown). These results suggest that in the

case of Anabaena cytochrome c6, the coexistence of HALS
and LS forms is not related to protein oligomerization.

Another interesting question relates to the quantification

of the abundance of each EPR form. Previous studies on

Anabaena cytochrome c6 considered the HALS form to be

minor in comparison with the LS form (19). In other cases

(7,37), estimation of the relative abundance of cytochrome c6
forms from their superimposed EPR signals has been

performed using the methods outlined in DeVries and

Albracht (26) and Aasa and Vänngård (38). Such methods

are good for obtaining quantitative information about the

total spectral intensity from the area under the gZ absorption-

like peak when the spectra fulfill several conditions about the

linewidth and aspect of the signals. However, in our case, the

area under these peaks cannot be determined with accuracy

because they are partially superimposed, and the gZ peaks are
not narrow enough. Therefore, the measured spectrum would

allow at best a semiquantitative estimate of the relative

abundance of the EPR forms. An estimate of the relative

abundance of the two forms in several samples of Anabaena
cytochrome c6 from their EPR spectrum, using the method

described by Aasa and Vänngård (38), yielded values from

30% to 70% abundance for the HALS form, depending on

the way of determining the reference baseline and the actual

areas of the gZ peaks. In samples with glycerol for the HALS

form, a value near the higher end of this range was usually

obtained. Although imprecise, this study demonstrated that

none of these signals is ‘‘residual’’, and that the HALS form

might even be the predominant form.

Since all the principal values of the effective g-tensor of
both coexisting forms of Anabaena cytochrome c6 have been
obtained (Table 1), the distortion parameters, D/l and V/l, of
the Griffith model (3,25) can be estimated (Table 1). As

already shown for some cytochromes, parameters for the LS

form disagree with the actual His-Met axial coordination and

the region in the crystal field diagram (27) that their dis-

tortion parameters are expected to occupy (7,8,10). Cer-

tainly, the crystal field diagram is not theoretically rigorous

but is a semiempirical approach. For the reported cases of

cytochromes similar to the LS form, a question about the

distortion axis choice has to be considered. D/l and V/l
parameters depend on the choice of the distinguished axis for

the main ‘‘axial’’ distortion. The original version of the

crystal field diagram formalism used improper axes (that is,

axes for which the additional rhombic distortion was larger

TABLE 1 g-factors, state coefficients, and distortion

parameters for the two (ferri)cytochrome c6 EPR forms of

Anabaena PCC 7119

Form gX* gY* gZ* ay by cy D/l§ V/D§

LS 1.41 2.30 2.96 0.95 0.28 0.16 2.7 0.64

HALS 0.56 1.91 3.32 0.86 0.45 0.22 2.2 0.37

*The sign of the g-factor is not experimentally determined; absolute values

are given.
yThe set of coefficients a, b, and c is chosen among those compatible with

the g-factors for giving a normalized ground electron wave function (see

Taylor (25)).
§Distortion parameters correspond to proper axes (see text).

FIGURE 4 Detail of the X-band EPR spectra of Anabaena PCC 7119

cytochrome c6 at different protein concentrations: (A) 50 mM; (B) 500 mM;

(C) 5 mM. Some (cavity) spurious signals are seen in spectra A and B due to

the very low protein concentration.
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than that of the main axis). It might be more logical to adopt a

proper axis election, for which 0 # jV/Dj # 2/3 (33,39). For

all the known heme systems, selecting the axis perpendicular

to the heme plane (namely the z axis) as the main distortion

axis leads to a proper distortion frame. We have recon-

structed the crystal field diagram based on those arguments,

and separate regions for the different axial coordinations

again appear (Fig. 5). Most of the conclusions obtained by

Blumberg and Peisach (27) from the crystal field diagram are

valid with this new version, but the position that the LS form

occupies in the diagram is now between His-Met and His-

His regions; this indicates that these two regions do not show

a distinct boundary, but tend to overlap.

When the orientation of the principal axes of the g-tensors
(hereafter magnetic axes X, Y, and Z) is known, the principal
values of the effective g-tensor provide information about the

electronic distribution in the ground state Kramers doublet.

A particularly simple picture is reached in the case, verified

for all the cytochrome heme centers described, where the Z
magnetic axis lies nearly normal to the heme plane (Z [ z),
whereas the other two (X and Y magnetic axes) lie in the

heme plane and make an angle g with the N-Fe bonding

directions (which define the x and y molecular axes, see

Fig. 1 A). In this case, a basis set of the ground state that

determines the j1æ and j�æ states of the Sef¼½ spin is given

by

j1 æ ¼ adx9za� ibdy9za� cdxyb

j � æ ¼ adx9zb1 ibdy9zb1 cdxya
;

where the (x9, y9, z9) frame is defined from the molecular x, y,
and z axes by a �g rotation around the normal to the heme

plane (see Fig. 1). The spinors a and b are referred to as the

(x9, y9, z9), and dx9z, dy9z, and dxy have the usual meaning. It is

worth noting that although the orbital dxy is the standard

form of a t2g d-orbital referred to as the molecular axes, dx9z
and dy9z are obtained by a rotation around the z molecular

axis from the standard dxz and dyz orbitals. The coefficients
a, b, and c that define the ground state Kramers doublet are

related to the principal g-tensor values by expressions similar

to those derived by Taylor (25) (for a detailed description

of the derivation of g-values as a function of a, b, and c
coefficients; see Garcı́a-Rubio et al. (17), Supplementary

Material, and references therein). In Table 1, we have also

collected the values of such coefficients estimated for both

EPR forms of cytochrome c6. It can be seen that the ground

state of the LS form displays a very high dx9z character,

whereas the HALS form shows an admixture, especially of

the dy9z.

ENDOR experimental results

ENDOR spectra of Anabaena cytochrome c6 were recorded
at magnetic field values corresponding to the g-tensor
principal values of the HALS and LS EPR signals. The

microwave absorption region of the LS form overlaps with

the region of absorption of the HALS signal (Fig. 3). This

implies that when measuring ENDOR spectra at field

positions in the LS resonance range, ENDOR signals from

both EPR forms are expected. Measurements at field values

,225 (below the magnetic field corresponding to the LS gZ
value), or .460 mT (above the LS gX value), display only

HALS ENDOR features. However, this is expected to be a

small contribution, since, as can be observed in Fig. 3, the

relative amplitude of the LS form in the superposition region

is always significantly higher (approximately four times

more intense in the ei-EPR spectrum, except for the HALS

gY position, where we do not report the ENDOR spectrum).

Therefore, it can be assumed that the LS paramagnetic

centers make the major contribution to the ENDOR spectra

obtained in this field range. Such an assumption is supported

by two experimental facts: 1), no ENDOR signal has been

detected at magnetic fields higher than the LS gX (which

would be associated with the HALS form); and 2), our

measurements have been adequately interpreted by using just

one set of hyperfine interactions that correspond to a single

heme center. On the other hand, the ENDOR signal detected

at 205 mT (gef. ¼ 3.3) must correspond to the HALS species,

because there is no detectable EPR LS signal intensity at this

field (the linewidth of the LS gZ feature is ;8 mT).

Hereafter, for the sake of brevity, the ENDOR spectra will

be labeled by the g principal value corresponding to the se-

lected field position. To distinguish the signals coming from

exchangeable protons, each spectrum was recorded in sam-

ples containing either H2O or D2O (substitution of;95%) as

solvent.

Fig. 6 shows the gZ
1H ENDOR spectra of the LS and

the HALS forms of cytochrome c6. All the spectra are

FIGURE 5 ‘‘Crystal field diagram’’ for distortion parameters in proper

axes. Some of the points in the original diagrams of Blumberg and Peisach

(27) have been recalculated in proper axes to determine the new regions. The

region names used in Blumberg and Peisach (27), which correspond to

specific axial coordination of the heme, have been used: (C) His-Met; (B)

His-His; (H) His-imine N; (O) His-OH�. Distortion parameters for LS (open

square) and HALS (open circle) forms of Anabaena PCC 7119 cytochrome

c6 are also represented.
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symmetrically distributed around the 1H Larmor frequency

(nL), indicating that the effective
1H hyperfine constant, AZZ,

is ,2nL. In such a case, the distance between related peaks

directly provides the value of AZZ (Tables 2 and 3) (see

Materials and Methods). Comparison of spectra in H2O and

D2O indicates that the signals with AZZ ;0.3 MHz (num-

bered Z1) in both LS and HALS forms are due to ex-

changeable protons. These weakly interacting exchangeable

proton signals are observed in all ENDOR spectra when H2O

is used as solvent and are considered to come from remote

protons of the solvent. The other proton signals that remain

in D2O spectra are assigned to nonexchangeable protons.

Significantly, the gZ LS ENDOR spectrum presents a stron-

ger interacting exchangeable proton, signal Z4, jAZZj ¼ 2.32

MHz, not detected in the HALS spectrum. Otherwise, most

of the observed splittings are almost identical in the ENDOR

spectra of the LS and HALS forms.

The gY and gX
1H ENDOR spectra were only recorded for

the LS form (Figs. 7 and 8, respectively), since no ENDOR

signal could be detected in the field corresponding to gX of

HALS and, moreover, the signals found in the field value

corresponding to gY were attributed to the LS form (see

above). Comparison of spectra in H2O and D2O indicates

that the only exchangeable signals are those derived from

remote protons with Aeff � 0.3 MHz. As in the gZ ENDOR

spectra, the signals are symmetrically disposed around the
1H Larmor frequency and the effective hyperfine coupling

constants (Tables 4 and 5) can be directly derived from the

spectra.

Assignment of ENDOR spectra signals

Proton ENDOR coupling was analyzed by calculation of the

hyperfine couplings as described in Materials and Methods

using the heme environment structural data of the (ferro)cyto-

chrome c6 (see Supplementary Material and Fig. 1). The

structure of the reduced protein might be different from the

FIGURE 6 X-band ENDOR spectra at gZ field for LS and HALS forms of

cytochrome c6 from Anabaena PCC7119. Splittings discussed in the text are

labeled as indicated in Table 1. The regions corresponding to the Z4 splitting

in spectra of LS (H2O), LS (D2O), and HALS (H2O) have been magnified. It

can be seen that Z4 is due to an exchangeable proton and that it is not present

in the HALS form. Computer simulation of the LS form with water as

solvent is also displayed in the dashed trace. Simulation parameters are

shown in Table 6 and Materials and Methods. The proton interaction that

contributes mainly to each signal in the simulated spectrum is specified (for

details, see text).

TABLE 2 Experimental parameters for the LS EPR form from

ENDOR measurements at the gZ field position

jAZZjexp (MHz)

Figure

label Assignment

(Adip)calc
(MHz)*

Aiso

(MHz)y

0.28 6 0.10 Z1 Remote H – –

0.62 6 0.05 Z2 Methyl H in pyrrole �0.67 0.05

1.18 6 0.05 Z3 Meso H �1.30 0.12

2.32 6 0.05 Z4 H(3)? – –

*Values for Adip have been calculated using the distances and orientations

from the heme environment in the x-ray structural model of Anabaena PCC
7119 (ferro)cytochrome c6 (P. Legrand, unpublished data).
yAiso is the difference between (AZZ)exp, with the appropriate sign (12), and

Adip (see Materials and Methods).

TABLE 3 Experimental parameters for the HALS EPR form

from ENDOR measurements at the gZ field position

(jAZZj)exp (MHz) Assignment (Adip)calc (MHz)* Aiso (MHz)y

0.23 6 0.10 Remote H – –

0.67 6 0.05 Methyl H

in pyrrole

�0.76 0.09

1.30 6 0.05 Meso H �1.48 0.18

*Values for Adip have been calculated by using the distances and

orientations from the heme environment in the x-ray structural model of

Anabaena PCC 7119 (ferro)cytochrome c6 (P. Legrand, unpublished data).
yAiso is the difference between (AZZ)exp, with the appropriate sign (12), and

Adip (see Materials and Methods).
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oxidized state of the ENDOR measurements. The crystallo-

graphic electron density map was fitted to just one structure

and one heme environment, whereas we detected two forms

(LS and HALS) coexisting in the oxidized state. However,

due to its rather rigid structure, we can consider that the iron-

proton positions in the porphyrin ring are invariant. Our

ENDOR experiments can give some insight into the rela-

tionship of LS and HALS heme environments with that of

the reduced protein structure. Besides, information about the

orientation of the g tensor principal axes can be extracted.

As a first step, the contact contribution to the hyperfine

coupling of the nearby protons was determined from the gZ
ENDOR spectra, where the magnetic field is perpendicular to

the heme plane. In Scholes et al. (12), it is shown that the

nonexchangeable 1H signal observed in the gZ
1H ENDOR

spectra are due to ‘‘weakly interacting’’ protons of the

methyl substituents of the pyrroles and mesoprotons, both in

the porphyrin ring. For these protons, the angle u between

the Fe-H direction and the magnetic field is ;90� and from

their distances to the iron the dipolar interaction (Adip)calc is

readily calculated (see Materials and Methods). The contact

contribution Aiso is obtained by subtracting the dipolar con-

tribution from the experimental values of AZZ. The calculated

dipolar contribution and the subsequently estimated contact

contributions derived are given in Tables 2 and 3.

The Z4, jAZZj ¼ 2.32 MHz, signal (exchangeable proton)

in the LS gZ spectrum should also be assigned. The three-

dimensional structure of the reduced Anabaena cytochrome

c6 heme environment shows that His-18 and Met-58 co-

ordinate the iron in its axial positions (Fig. 1 B). This

preliminary model suggests that in the neighborhood of the

paramagnetic species only the hydrogen atom bound to N(3)

of His-18, hereafter H(3), is exchangeable. The H(3) point-

dipole contribution to the hyperfine interaction calculated

from the structure is 1.8 MHz, smaller than the experimental

one. This might indicate that the heme environment shown by

the x-ray structure (in the reduced state) differs from the oxi-

dized LS structure. Another possibility might be that the

H(3) contact interactions were notably different from that

reported by Scholes et al. (12), showing indeed a change in

FIGURE 7 X-band ENDOR spectra at gY field for LS form of cytochrome

c6 from Anabaena PCC 7119. Splittings discussed in the text are labeled as

indicated in Table 4. Computer simulation of the LS form with water as

solvent is also displayed in the dashed trace. Simulation parameters are

shown in Table 6 and Materials and Methods. The proton interaction that

contributes mainly to each signal in the simulated spectrum is specified (for

details, see text). Asterisks mark relatively weak signals in the simulated

spectrum, where several proton interactions are contributing.

FIGURE 8 X-band ENDOR spectra at gX field for LS form from

cytochrome c6 of Anabaena PCC 7119. Splittings discussed in the text are

labeled as indicated in Table 5. Computer simulation of the LS form with

water as solvent is also displayed in the dashed trace. Simulation parameters

are shown in Table 6 and Materials and Methods. The proton interaction that

contributes mainly to each signal in the simulated spectrum is specified (for

details, see text).
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its sign. This would imply a drastic modification of the

electronic density distribution of the LS form of cytochrome

c6 in comparison with other cytochromes and model heme

complexes. Alternatively, the splitting of 2.32 MHz might be

due to a water molecule close to the heme center in the LS

oxidized form. The HALS form does not display the large

jAZZj � 2.3 MHz, suggesting a structural difference between

the LS and HALS forms.

In the ENDOR spectrum at the gY position, all the signals

detected, except for the one showing the smallest splitting,

are due to nonexchangeable protons. Their effective hyper-

fine coupling constant values are collected in Table 4. To

assign these signals, it is important to keep in mind that it is

not a single crystal-like spectrum, as is the case for gZ and

gX ENDOR spectra. All of the centers with an orienta-

tion fulfilling the following equation contribute to the gY
ENDOR spectra:

g
2

ef ¼ ðg2

Xcos
2u1 g

2

Ysin
2uÞsin2

u1 g
2

Zcos
2
u;

where u and u represent, respectively, the colatitude and

azimuth angle of the magnetic field direction referred to as

the g-tensor principal axes. Since there is not a single

orientation to calculate the point dipole hyperfine contribu-

tion, assignment of the gY ENDOR signals is a difficult task.

Besides, at this field position the expressions for calculating

hyperfine interaction from point dipole approximation in the

case of weak interaction and g principal direction (see

Materials and Methods) are no longer valid; they can just be

seen as a rough approach. Nevertheless, in a multiorienta-

tional ENDOR spectrum, and especially in those close to the

gY field position, perpendicular features (that is, features with

an angle between themagnetic field and the proton-iron direction

u ¼ 90�, see Materials and Methods) of axial hyperfine

interactions are often detected (12). They are usually iden-

tified, as they display a nearly constant signal position when

ENDORspectra aremeasured at different field positions around

gY, whereas signals corresponding to nonperpendicular fea-

tures shift or disappear when the field is varied. Keeping this

in mind, several ENDOR spectra for gef positions between gY
(2.30) and 2.60 were recorded (not shown). In all these

spectra, the features labeled, in Table 4 and Fig. 7, Y2–Y8

were preserved, indicating that they may correspond to

perpendicular features. Thus, we can proceed with the assign-

ment of these signals. As the value for u for the perpendicular
features is determined to be 90�, point dipole calculations of
Adip depend just on the proton-iron distance. The splitting

detected at 4.2 MHz (signal Y8) was not observed in the

model complex spectra shown in Scholes et al. (12). The

calculations show that it corresponds to an interacting proton

at a distance of ;0.28 nm to the iron, assuming a negligible

contact hyperfine term. This distance is compatible with one

of the protons in the g position of the Met-58 residue in the

reduced cytochrome c6 structure (see Supplementary Mate-

rial), which would also explain why the signal does not

appear in bis-His model complex measurements (12). Sig-

nals with a splitting of 3.2 MHz and 2.5 MHz (Y7 and Y6)

should correspond to perpendicular features of H(2) and

H(5) protons, respectively, of the His residue, as they are

similar to the splittings seen in some heme systems and

assigned in Scholes et al. (12). The similarity of these perpen-

dicular splittings would indicate that the distances of H(2)

and H(5) to the iron (0.32 nm), as well as the contact term,

are similar. The distances derived from the structure in the

reduced protein are 0.31 and 0.32 nm, respectively. Differ-

ences observed in distances can be attributed to the fact

that the imidazole ring is slightly tilted with respect to the

normal of the porphyrin plane in the cytochrome c6 three-

dimensional model. The other peaks observed in the

ENDOR spectra can be assigned to protons in the porphyrin

ring or in Met-58. Distances to the iron of mesoprotons and

pyrrole methyl substituent protons, together with the isotro-

pic part determined from the gZ spectra, are compatible with

couplings of 0.6 MHz and 1.0 MHz (signal Y2 and Y3),

respectively. The other two pairs of spectral lines, Y4 and

Y5, which show splittings of 1.6 MHz and 1.9 MHz, can be

assigned to protons at distances between 0.36 and 0.40 nm.

Several proton nuclei in the Met-58 residue should be

located at similar distances.

With regard to the 1H ENDOR spectra at gX of LS (Fig. 7),

we consider that all the signals detected correspond to the LS

form. As pointed out above, all the signals except X1 are

associated with nonexchangeable hydrogen nuclei. The

effective hyperfine coupling constant of the 1H ENDOR

signal are summarized in Table 5. As with gZ, the gX spec-

trum corresponds to a single orientation; therefore, only mol-

ecules whose gX axis is oriented along the magnetic field

contribute to the ENDOR spectrum. As we have seen for gZ,
in the case of a single crystal-like spectrum the calculation of

the point dipole contribution to the hyperfine interaction is

TABLE 4 Experimental parameters for the LS EPR form from

ENDOR measurements at the gY field position

jAexpj (MHz) Figure label Assignment

0.4 6 0.1 Y1 Remote H

0.6 6 0.1 Y2 Meso/pirrole

1.0 6 0.1 Y3 Meso?

1.5 6 0.1 Y4 Meso/Met H

1.9 6 0.1 Y5 Met H

2.5 6 0.1 Y6 His H(5) ?
3.2 6 0.1 Y7 His H(2) ?
4.2 6 0.1 Y8 Met Hg ?

TABLE 5 Experimental parameters for the LS form from

ENDOR measurements at the gX field position

(jAXXj)exp (MHz) Figure label Assignment

0.3 6 0.1 X1 Meso/pirrole/remote

0.7 6 0.1 X2 Meso H

1.6 6 0.1 X3 His H(5)

2.5 6 0.1 X4 His H(2)

3.2 6 0.1 X5 Met Hg
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straightforward, and again we can use this as a basis for

assigning the ENDOR signals to the protons in the neigh-

borhood of iron. However, unlike the gZ, the gX principal

axis is in principle an unknown direction in the heme plane.

As it usually differs from one low-spin heme center to

another, the splittings can be very different and consequently

the assignment of the lines cannot be made based on the ones

found in the literature. This fact makes it more difficult to get

computed values for the interactions to compare with exper-

imental results, but when the assignment is feasible, it

provides valuable structural information of the heme center

environment. Since we have already estimated from the gZ
spectrum the contact contribution of the hyperfine interaction

for the porphyrin protons (see Table 2), the expected AXX

hyperfine parameters can be calculated just by computing

the dipolar part and adding them. On this basis, we have

calculated the expected AXX hyperfine parameters for the

porphyrin protons as a function of the gX principal axis

orientation on the porphyrin plane. It is worth remembering

that the proton positions are determined by the porphyrin

ring structure, and the calculation depends just on one angle

g that determines the gX direction in the plane (Fig. 1 A). The
results of such calculations are plotted in Fig. 9. Protons

located at opposite positions with respect to the iron atom are

expected to have the same interaction and their ENDOR lines

will coincide for any field orientation. So, for any field

direction, two pairs of lines with different hyperfine splitting

will arise from the four mesoprotons, whereas three pairs of

lines will come from the four methyl substituents of the heme

c pyrroles. From Fig. 9 two conclusions can be readily

obtained: First, signals .1.6 MHz, X3–X5, do not come

from porphyrin ring protons, as they are too large; and

second, the splitting of signal X2, 0.7 MHz (shadow stripe)
is compatible with mesoproton coupling. In Scholes et al.

(12), a small coupling signal (in their case, ;1 MHz) in the

gX ENDOR spectra of one model complex is also detected.

Although the authors do not comment on it, all the other

signals in their spectrum were assigned to coupling of pro-

tons of axial ligands, so this one is implicitly considered to

come from porphyrin protons.

Fig. 9 indicates that our calculations lead to an estimation

of the gX direction in the porphyrin plane (superposition of

calculated coupling of mesoprotons and measured 0.7 MHz

splitting). It would form a small g angle (;8�) with one of

the N-Fe-N bonding directions. In a previous study, it was

estimated from NMR measurements that the rhombic

distortion axis in Anabaena cytochrome c6 makes an angle

of 10� with the NA-Fe-NC direction (20). Since the rhombic

distortion direction (Fig. 1 A) is related to the gY principal

direction by counterrotation with respect to the N-Fe-N di-

rection, the gX principal direction is expected to be close

to the NB-Fe-ND direction (17,40), which would be fully

consistent with our results.

Now we can assign the larger experimental gX splittings.

Features in the gX ENDOR spectra of model complexes that

correspond to H(2) and H(5) couplings have been previously

detected (12). The coupling of the two protons detected in

our gY measurements are similar to that obtained by Scholes

et al. (12), and provide values for the contact hyperfine terms

(Aiso ¼ �0.9 MHz for H(2) and Aiso ¼ �0.3 MHz for H(5))

and distances to the iron (both 0.32 nm). However, the angle

between their iron-proton direction and gX is not known.

H(2) and H(5) are expected to be symmetrical with respect to

the N(His)-Fe bonding (which is nearly perpendicular to the

porphyrin ring), but the orientation of the imidazole ring

projection on the porphyrin plane varies from one heme

system to another and can be different from the one obtained

for the reduced cytochrome structure. We estimated the

hyperfine coupling (sum of the contact and dipolar part)

for the two protons H(2) and H(5) as a function of the angle

that the imidazole projection on the prophyrin plane makes

with the gX axis. The result is depicted in Fig. 10. The

experimental values for signals X3 and X4, 1.6 MHz and 2.5

MHz, respectively, are marked as stripes. Fig. 10 shows that

H(2) and H(5) splittings are restricted below 2.5 MHz. It is

most likely that splittings of 1.6 MHz and 2.5 MHz obtained

from the gX spectrum correspond to those His-18 protons, as

there seem to be no other protons in the structure to account

for those splittings, in particular for the one at 2.5 MHz.

Fig. 10 shows that an orientation of the His imidazole ring

plane forming an angle of ;75–80� is compatible with the

ENDOR results. This conclusion has to be considered with

care in view of the assumptions made about the imidazole

ring position for the calculations, but it provides an estimate

of the ring orientation. On the other hand, the position of

His-18 in the structural model of the heme environment

of (ferro)cytochrome c6 (Fig. 1 B and Supplementary

FIGURE 9 Calculated hyperfine splitting (calculated dipolar contribution

plus experimental isotropic part derived from gZ results) of the two couples

of equivalent mesoprotons and one of the methyl substituent of the pyrrole,

as a function of the in-plane gX axis orientation (determined by the

clockwise angle from the NA-NC direction). The horizontal shadow stripe

shows the experimental weak coupling splitting from gX ENDOR (see text).
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Information) would predict splittings for both H(2) and H(5)

protons of 0.4 MHz, a value that is incompatible with the

experimental one. This analysis suggests that there are differ-

ent conformations for this His residue between the oxidized

and reduced Anabaena cytochrome c6.
Let us focus now on the highest detected splitting, signal

X5, 3.2MHz, in the gXENDOR spectrum. Examination of the

structure of the heme environment in cytochrome c6 indicates
that the closest proton to the iron at 2.7–2.8 Á̊should be one at

position g in the Met residue, and therefore a likely candidate

for the largest splitting observed in the gX spectrum. The

dipolar contribution to its hyperfine interaction, calculated

from the structural data for the reduced protein is just

(Adip)XX � 2.8 MHz, but such a value could be drastically

increased by a modest rearrangement of the Met residue

consistent with a small change in the orientation and

preserving the Hg-Fe distance. It should be noted that in

these calculations the actual distance is in the limit of validity

of the point dipole approximation, and we do not know the

corresponding ‘‘contact’’ part. However, this is consistent

with the previously described results for the Hg proton of Met

in the gY ENDOR spectrum.

To confirm the previously described ENDOR analysis, we

calculated computer simulations of the experiments. Simu-

lated ENDOR spectra for the three g principal directions can
be seen in Figs. 6–8. It must be remembered that the CW-

ENDOR experiment depends on the electronic and nuclear

relaxation times in a complex way that is not implemented in

standard simulation software. A fair fitting between simu-

lation and experiment can usually be obtained for the signal

positions, but the actual widths and intensities are only

approximated.

A set of seven groups of interacting protons has been used

in simulations: mesoprotons (four protons divided in two

groups of two protons related by a 90� rotation in the

porphyrin plane); methyl protons in pyrrole (four sets of

three protons related by rotations in the porphyrin plane as

seen in Fig.1); protons bound to C(2), N(3), and C(5), H(2),

H(3) and H(5), respectively, of His-18; and the two protons

bound to Cg of Met-58 (the closest protons to iron in this

residue). The parameters used are collected in Table 6.

Parameters for mesoprotons, pyrrole protons, H(2) and H(5)

are fully derived from our previous analysis. H(3) was

FIGURE 10 Calculated hyperfine splitting, calculated using the dipolar

contribution plus the isotropic part derived from gY results and Scholes et al.

(12), of the protons bound to C(2) and C(5) of the His-18 imidazole ring, as a

function of the angle between the gX axis orientation and the imidazole plane

projection on the porphyrin plane. The imidazole plane was supposed to be

perpendicular to the porphyrin plane and symmetric with respect to the N(1)-

Fe axis (see text). The horizontal shadow stripes show the two experimental

splittings (2.5 MHz and 1.6 MHz) from gX ENDOR (see text).

TABLE 6 Parameters for the computer simulations of the

ENDOR spectra

gX axis:

u ¼ 98�
Mesoprotons: Pyrrole methyl substituent protons:

r ¼ 4.4 Å r ¼ 5.8 Å

u ¼ 90� u ¼ 90�
Aiso ¼ 0.12 MHz Aiso ¼ �0.03 MHz

lw (gZ) ¼ 0.20 MHz lw ¼ 0.20 MHz

lw (gY) ¼ 0.25 MHz

lw (gX) ¼ 0.15 MHz

H(2) His proton: H(5) His proton:

r ¼ 3.18 Å r ¼ 3.20 Å

u ¼ 48� u ¼ 48�
u9 ¼ 77� u9 ¼ 68�
Aiso ¼ �0.80 MHz Aiso ¼ �0.05 MHz

lw ¼ 0.15 MHz lw ¼ 0.15 MHz

H(3) His proton: Hg(1) Met proton:*

r ¼ 4.9 Å r ¼ 2.7 Åy

u ¼ 15� u ¼ 133�y

u9 ¼ 85� u9 ¼ 4�y

Aiso ¼ 0.5 MHz Aiso ¼ 1.4 MHz

lw ¼ 0.20 MHz lw ¼ 0.15 MHz

Hg(2) Met proton:*

r ¼ 3.5 Åy

u ¼ 148�y

u9 ¼ 47�y

Aiso ¼ 0.2 MHz

lw ¼ 0.15 MHz

The positions of the protons relative to the Fe atom and isotropic hyperfine

parameter have been fixed for the spectra calculated in all the field

positions, except that linewidths have been modified in some cases.

Positions and isotropic hyperfine parameters can show slight changes with

respect to the values obtained in the analysis (always within the error bar),

as a result of the refinement process. The following symbols and

abbreviations are used: r, distance from Fe to H; u, angle between the

Fe-H direction and the Fe-N(His) direction; for protons in the porphyrin

ring, the orientation for gX and gY ENDOR spectra are determined from the

angle between the gX axis and N(A)-Fe-N(C) direction, u; for His and Met

protons, the angle between the projection of the Fe-H direction into the

porphyrin plane and the gX axis, u9, is also specified; lw, ENDOR signal

linewidth.

*Protons bound to Cg of the Met residue. They are the closest to the Fe

atom.
yData obtained directly from x-ray structure of reduced cytochrome c6 of

Anabaena PCC7119.
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included to demonstrate that its interaction could explain the

Z4 signal. However, the Aiso parameter for this proton should

be very different from that obtained by other authors; thus,

we think that the possibility of explaining this signal with a

solvent proton or others cannot be discarded. For Met pro-

tons, positions in the reduced cytochrome form were used.

Small changes in the structure could cause a drastic variation

of the dipolar part of their hyperfine interaction; thus, the Aiso

parameters used cannot be considered true from our evi-

dence, but again the simulations show that these protons

could account for the measured signals.

Each contribution to the simulated spectrum was calcu-

lated separately, and the final simulation is obtained simply

by adding all of them. The contributions are added without

any additional factor for correcting relative intensities, ex-

cept for pyrrole contributions, which need to be multiplied

by a factor of;0.1–0.3 to reproduce the experimental inten-

sities. This is probably because relaxation times involved in

their ENDOR transitions are quite different (maybe due to

the methyl dynamics) from those for the other protons.

Many of the signals in simulated spectra (especially for the

gY position) are due to the superposition of lines due to

several interactions. In the figures, the main contribution has

been used to label them. Besides the good general agreement

between experiments and calculations, we want to empha-

size two points: H(2), H(5), and Met proton contributions

to the gZ spectrum are so weak that they cannot be resolved,

as had been previously predicted (12), and the possible

contribution of H(3) to the gY and gX spectra would be

always in the very small splitting region.

The good agreement of the simulated spectra with the

experimental ones confirms our analysis, and specifically the

g frame and His orientations obtained from the experimental

evidence.

DISCUSSION

The results collected in the previous section can be discussed

in relation to the structure of reduced cytochrome c6, and in

particular with that of the heme center in the different redox

states. First we will explore the structural meaning of the

difference between the two oxidized forms, LS and HALS.

From the experimental g-factors, distortion parameters for

both forms were obtained (Table 1). It can be seen that the

HALS form shows a small shift for the D/l parameter and a

larger decrease of V/D with respect to the parameters of the

LS form (Fig. 5). Moreover, the evidence indicates that the

LS and HALS EPR forms both correspond to heme centers

with a His-Met coordination. It is well established that axial

ligands of the heme are mainly responsible for the distortion

parameters. The effect of ligand asymmetry on the rhombic

field can be increased because some ligand orientations in-

duced a distortion in the planar porphyrin ring (34). Several

studies on model complexes and proteins have determined

the origin of the LS and HALS forms in bis(imidazole) and

bis(pyridine) heme centers (36,41,42). It was found that bis-

His systems with high rhombicity (similar to our LS form)

display the two imidazole planes nearly parallel, and a planar

porphyrin ring. On the other hand, in HALS forms imidazole

planes are almost mutually perpendicular and the porphyrin

ring is ruffled. The HALS configuration displays a drastic

reduction of the rhombic distortion parameters, and a small

reduction of the axial parameter, consistent with our find-

ings. The effect of Met and His axial residues on the rhombic

parameter has also been discussed for other cytochromes c
and model compounds by several authors (6,43). The nature

and strength of the influence of the Met residue on the

distortion parameters remains controversial, but it is clear

that the differences between the two LS and HALS forms

that we detect in cytochrome c6 of Anabaena have to come

from differences in the conformation of the axial ligands,

most probably because of their orientation with regard to the

heme plane.

The coexistence of two EPR forms implies that there are

two conformations of the protein in the sample. The two

forms are present in comparable abundance. In other cyto-

chromes c, there are many examples of pH-dependent inter-

conversion of two or more EPR forms (5,7,10). These

processes usually show pKa values .7, and are associated

with proton exchanges in the heme vicinity, or even to ligand

replacement. It is worth noting that those pH-dependent

interconversions often allow the coexistence of both forms

in a broad range of pH values, and in particular at the phys-

iological pH. In one case, it was described that the addition

of a detergent to the sample eliminated one of the coexistent

forms (7). Cytochrome c6 from Anabaena PCC7119 shows a
more complex behavior. The coexistence of the LS and the

HALS forms is not pH-dependent, but both forms show

another pH-dependent interconversion into forms termed III

to III9 and I to II, in the nomenclature of Medina et al. (19),

with the same pKa values. This indicates that a similar

process (possibly the exchange of a specific proton) takes

place in both forms at the same pH value. The coexistence

makes it difficult to characterize each form separately. The

protein showed only one redox potential (19), and so far, the

preliminary x-ray data reveal only one reduced heme en-

vironment. NMR studies on this protein were also not easy to

interpret. At low pH values, NMR spectra were described as

due to a single form. At higher pH values, the behavior in

oxidized samples was more complex and not completely

understood (19,20). In NMR spectra, reduced samples showed

no modification with pH. The behavior is similar to that

observed in cytochrome c6 from Monoraphidium braunii,
where the two EPR forms coexist in a pH-dependent equi-

librium with essentially equal reduction potentials. An ex-

planation for the experimental evidence is that the two forms

are in a dynamical equilibrium in solution. The rate of in-

terconversion might not be observed in NMR studies in

solution, but would affect the EPR and ENDOR measure-

ments in frozen samples.
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Our ENDOR results provide further insight into the

structure of the heme in the oxidized LS form. As described

above, we have obtained the g tensor principal axes for this

form,which are related to the distortion directions. The values

obtained are compatible with the distortion axes obtained

from previous NMR studies (20). On the other hand, we have

demonstrated that the orientation of the axial ligand in the

LS form, in particular the His residue, is different from that

proposed in the structural model of the reduced heme envi-

ronment. Our results suggest that gX and gY are close to the in-
plane N-Fe-N directions and that the imidazole plane is nearly

perpendicular to the gX axis. Such an orientation is different

from that reported in model compounds (12), where the in-

plane EPR principal axes nearly bisect the two N-Fe-N di-

rections of the porphyrin plane. This would be logical as the

His orientation is one of the main factors that influence the

g-tensor principal frame orientation.

In conclusion, our EPR and ENDOR data on Anabaena
cytochrome c6 point to the coexistence of two different

conformations of the heme axial ligands for the oxidized

state of the protein. In an isolated heme group, the orientation

of the axial ligands should be the one more energetically

favorable. Nevertheless, a change in the ligand orientation

seems to require a small amount of energy (44). In the

protein environment, the heme configuration is conditioned

by the polypeptide chain structure. The ligand distances and

orientations are responsible for the unpaired electron state

and porphyrin ring shape (planar or distorted). In the case of

redox proteins, these conditions have to be connected with

the electron transfer mechanism to or from the heme center,

so the protein can easily control the properties of its redox

center. This would explain why heme proteins are a success-

ful motif used by living organisms in many different bio-

chemical processes. In cytochrome c6 from Anabaena PCC

7119, the presence of two EPR forms (with putatively

different heme axial ligand conformations) in the oxidized

state should be related with reaction mechanisms. The

coexistence of these two forms, possibly in a dynamical

equilibrium, could be related to the fact that cytochrome c6 is
involved in two reactions: oxidation of cytochrome b6f and
reduction of the P700 reaction center of Photosystem I.

Cytochrome c6 may need some conformational flexibility to

enable it to interact with different redox partners in these

two independent processes. New efforts must be done in

the characterization of this protein, from both the functional

and the structural points of view, to further understand its

electron transfer mechanism.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.
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