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ABSTRACT: The solution structure of oxidized rat microsomal cytochromeb5 has been obtained from1H
NMR spectra measured at 800 MHz. The available assignment has been extended to 78% of the total
protons and 95% of the residues. From 1372 meaningful NOEs, a family of 40 structures has been obtained
through the program DYANA; 235 pseudocontact shifts have been then added as further constraints,
obtaining an essentially similar family of structures. This latter family has been further refined through
restrained energy minimization. The final RMSD values with respect to the average structure are 0.58(
0.10 Å and 1.05( 0.11 Å for backbone and heavy atoms, respectively. The high quality of the structure
allows meaningful comparisons with the solution structure of the reduced protein, with the X-ray and
solution structures of the oxidized bovine isoenzyme, and with the solution structure of the apoprotein.
Upon loss of one electron, the heme plane undergoes a change in its orientation, possibly due to the
change of the total charge. Propionate 7 appears to have a conformation which is dependent on the
oxidation state of the iron. HelicesR2 andR4 also experience changes in their average positions in the
two oxidation states. Finally, the backbone NHs experience different exchange properties in the two
oxidation states. While those present in theâ sheets forming the basis of the heme pocket are
nonexchanging in both oxidation states, the NHs in the helices forming the heme-binding pocket are
exchanging with the bulk solvent in the oxidized form, indicating larger local mobility in this state. This
observation could suggest that, to optimize the electron transfer process, the local mobility should be
properly tuned.

The concept of structure for a protein becomes less and
less defined the more the structural data are available.
Indeed, it is well-known that the detailed structure of a
protein in a crystal changes with the symmetry properties
of the crystal. The structure of a molecule therefore depends
on the interactions with its neighbors. On the other hand,
based on the experimental structural constraints, the inves-
tigation of the structure of a protein in solution appears quite
appealing (1-3). Indeed, the solution structure can be the
basis for studying dynamics in a less rigid frame than the
crystal (4-7). Still, the structure may be sensitive to ionic
strength effects, temperature, pH, etc. (8, 9). Recently it was
shown that the determination of the solution structure of
paramagnetic metalloproteins is possible (10, 11). We have
then started looking at the differences between oxidized and
reduced forms of electron-transfer proteins (10, 12-18), in
addition to looking at differences between solid state (when
available) and solution. Many differences are noted that
eventually may be related to the nature of protein-protein
and protein-buffer interactions.

We want to report here the solution structure of the
oxidized rat microsomal cytochromeb5 (hereafter cytb5).
Cytochromes are ubiquitous in living organisms (9, 19).
Cytochrome b5 is a small hemoprotein bound to the
membrane in the endoplasmic reticulum of hepatic cells (20).
It is found in many mammalian and avian species, and the
primary sequence is largely conserved (21). The hydrophilic
part of cyt b5 contains the heme group (22, 23) and is
involved in a wide variety of biological processes. In the
endoplasmic reticulum, it participates in the desaturation of
fatty acids (24, 25); it supplies electrons to P450 in a number
of hydroxylation reactions (26, 27); in erythrocytes, it is
found in a soluble form and its function is to reduce
methemoglobin (28). The hydrosoluble part of the membrane-
bound protein can either be obtained through tryptic cleavage
(22, 23) or can be expressed inE. coli (20), and it retains its
full activity (29). For this reason, it has drawn attention from
a large number of researchers, and much data from different
approaches are available on it. Therefore, it is an ideal
system to address important biological questions. The
solution structure of the reduced protein has been determined
by our laboratory (30). This allows us to compare the
solution structure of cytb5 in the two oxidation states to
detect redox state dependent conformational changes. These
are related to the reorganization energy which is one of the
parameters that determine the electron transfer rate (31, 32).
Moreover, besides structural information, NMR also provides
dynamic information in solution (7, 33, 34). This can be
achieved from a number of different effects on NMR
parameters, the most immediate and easily accessible of
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which is the NH exchange rate (35, 36). The analysis of
NH exchange rates inS. cereVisiae iso-1 cytochromec
revealed a dramatic difference between the two oxidation
states, hinting at a different mobility of the protein upon loss/
addition of one electron (37). It would be interesting to
verify whether this is a common behavior for all cytochromes
and whether this is related to their biological function, in
particular in relation to the mechanism of electron transfer.
Electron transfer in biological systems occurs after formation
of a complex. Therefore, a structural and dynamic picture
of two redox partners in both oxidation states may provide
a solid base to understand the factors governing molecular
recognition and complex formation in electron transfer
proteins.

MATERIALS AND METHODS

Sample Isolation and Preparation.Rat microsomal cy-
tochromeb5 was isolated, using the previously described
procedure (20), from cultures ofE. coli strain NM-522
harboring the recombinant pUC13 plasmid containing the
gene encoding the 98 amino acid polypeptide corresponding
to the soluble part of the microsomal cytb5 (kindly provided
by Dr. S. G. Sligar). About 24 mg of protein, as obtained
from the last purification step, was exchanged through
ultrafiltration with 1 mM aqueous potassium phosphate
buffer, and the pH was gradually adjusted to 7.0. The final
concentration was approximately 4 mM. The same proce-
dure was repeated to prepare a sample in D2O.
NMR Spectroscopy.1H NMR spectra were acquired on a

NMR Bruker Avance800 spectrometer operating at a proton
Larmor frequency of 800.13 MHz. To detect connectivities
among hyperfine-shifted signals, NOESY experiments (38,
39) with a spectral width of 56 ppm in both frequency
dimensions, with a recycle time of 470 ms, and with 60 ms
of mixing time were acquired. The1H nuclear Overhauser
effect (NOE) experiments were performed irradiating at
-14.1, at 13.7, and at 11.9 ppm with the superWEFT pulse
sequence following the standard procedure (40). To optimize
detection of connectivities in the diamagnetic region (-3 to
13 ppm), 2D NOESY (38, 39) and TOCSY (41, 42) spectra
were acquired with recycle times of 1.1 s, mixing times of
100 ms, and a spin-lock time of 80 ms, respectively. In the
NOESY spectrum acquired on the diamagnetic window, the
strong H2O resonance was suppressed through the WATER-
GATE sequence (43), while in other cases through presatu-
ration. Quadrature detection was achieved by using the TPPI
method (39). All data consisted of 4K data points in the
acquisition dimension and of 198-926 experiments in the
indirect dimension. Raw data were weighted with a squared
cosine function, zero-filled, and Fourier-transformed to obtain
a final matrix of 4096× 4096 data points. A polynomial
base line correction was applied in both dimensions. This
set of spectra was collected at 298 K (either on the H2O or
on the D2O samples) and at 313 K (on the H2O sample).
Spectra were processed using the standard Bruker software

and analyzed on IBM RISC 6000 computers through the
XEASY program (44).
Proton-Proton Distance Constraints.Intensities of di-

polar connectivities were mainly measured on the NOESY
maps acquired over the diamagnetic window at 298 K in
H2O or in D2O. Dipolar connectivities involving hyperfine-

shifted protons were integrated on the NOESY spectrum
acquired over the 56 ppm spectral window at 298 K.
Intensities of dipolar connectivities were converted into upper
distance limits, to be used as input for structure calculations,
through the program CALIBA (45). Connectivities measured
on NOESY maps acquired with different mixing times were
calibrated independently. Calibration curves were adjusted
iteratively as the calculations proceeded. To dipolar con-
nectivities detected in 1D spectra upon irradiation at-14.1
ppm were assigned upper distance limits of 5 Å . Stereospe-
cific assignments were obtained through the program GLOM-
SA (45) on the preliminary calculated structures.
Pseudocontact Shift Constraints. The hyperfine shift,

which is the difference between the chemical shift of a
nucleus in a paramagnetic compound and the shift that the
same nucleus experiences in the analogous diamagnetic one,
arises from two mechanisms: contact (46) and pseudocontact
(47-50). The contact contribution is due to the unpaired
spin density present on the nucleus itself, and generally it
can be neglected a few bonds away from the paramagnetic
center (50). The pseudocontact contribution arises from the
part of the dipolar interaction which is not averaged in
solution and depends on the position of a nucleus with respect
to the orientation of the magnetic susceptibility tensor (50).
Within the metal-centered point dipole-point dipole ap-
proximation, the following equation holds:

where∆øax and∆ørh are the axial and the rhombic anisotro-
pies of the magnetic susceptibility induced by the paramag-
netic ion,ri is the distance of the nucleusi from the metal
ion, andli, mi, andni are the direction cosines of the position
vector of atomi with respect to the orthogonal reference
system formed by the principal axes of the magnetic
susceptibility tensor. It is possible, in principle, that the
metal-centered model is not strictly valid when nuclei are
close to the paramagnetic center. In this case, the observed
pseudocontact shifts are large. Therefore, we have given a
tolerance between the observed and calculated shift, which
is proportional to the pseudocontact shift itself (13).
Pseudocontact shifts were obtained by subtracting from

the chemical shifts of the oxidized form, those of the reduced
form available at 313 K (30). Hyperfine shifts of the heme,
of His 39, and of His 63 were not included in the calculations
since they would experience a nonnegligible contact shift.
Structure Calculations.The structures were calculated

using the modified version of the program DYANA (51),
suitable for the use of pseudocontact shift restraints, PSEUDY-
ANA (unpublished results from our laboratory). A prelimi-
nary family of structures obtained using NOE constraints
only was used as an input model to fit eq 1 through the
program FANTASIAN (52, 53) to the experimentally
observed pseudocontact shifts. The fitting was performed
separately on each member of the family, and the average
values of∆øax and ∆ørh were used as starting values in
structure calculations. The procedure through which pseudo-
contact shift restraints were introduced in the calculations is
analogous to what was performed for cytochromec (30). In
particular, no assumption on the position of the metal and
therefore on the origin of the tensor is needed. A special

δpc ) 1

12πri
3[∆øax(3ni

2 - 1)+ 3
2
∆ørh(li

2 - mi
2)] (1)
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residue, namely LTNS, is defined constituted by a pseudo-
atom PCN representing the origin of the tensor and three
pseudoatoms AX, AY, and AZ placed at a unitary distance
from the origin and along three mutually orthogonal direc-
tions. These directions define the principal axes of the
magnetic susceptibility tensor. This residue was linked to
the protein through special linker residues, contained in the
standard library, having a null Van der Waals radius to allow
penetration in the protein frame, and it was maintained close
to the iron atom through an upper-distance limit of 0.2 Å.
To include the heme group in the calculations, a new

residue was defined in the amino acid library, and it was
bound to the protein through linker residues (as mentioned
above for the PCN residue), similarly to the procedure used
for the reduced form of the protein (30). The two binding
histidines are coordinated to the iron atom through upper
distance limits of 2.1 Å between the iron and the Nε2 of the
two His residues. In this way, no angle is imposed between
the heme plane and the His-iron bond.
During each simulated annealing step, the program recal-

culates the position of the metal center together with the
orientation of the magnetic axes, the only input data being
∆øax, ∆ørh resulting from FANTASIAN calculations. An
upper distance limit of 0.2 Å between the PCN pseudoatom
and the iron atom was introduced.
A total of 1810 distance constraints and 235 pseudocontact

shift constraints (see later) were used in PSEUDYANA
calculations. After each cycle, the magnetic anisotropies
were calculated and used as input for other calculations until
the final values did not deviate more than 5% from the initial
ones. The convergence to a final magnetic susceptibility
tensor was reached after a few cycles, depending on the
quality of the starting structure for which the first tensor is
obtained. The relative weight of the two types of constraints
was kept equal; 200 random structures were annealed in
14 000 steps using the above constraints. The 40 structures
with the lowest target function constitute the family of
structures.
Restrained energy minimization (REM) was then applied

to each member of the family using the AMBER Package
(54). The distance constraints were applied within the
molecular mechanics and dynamics module of Sander, and
the pseudocontact shifts were included as constraints by
means of the module PCSHIFTS (53). A force constant of
133.76 kJ mol-1 was applied for the distance constraints,
and of 418 kJ mol-1 was applied for the pseudocontact
constraints. The other parameters were set as in previous
calculations (13, 30).
The quality of the structure was evaluated in terms of

deviations from ideal bond lengths and bond angles and
through Ramachandran plots obtained using the programs
PROCHECK (55) and PROCHECK-NMR (56).
Structure calculations and analyses were performed on

IBM RISC 6000 computers.
Computer-Aided Assignment.In order to speed the

assignment procedure of NOESY cross-peaks, once a
preliminary structural model was available, this was used to
back-calculate, through the program CORMA (57), the
intensities of dipolar connectivities expected on the basis of
the structure, corresponding to the assigned proton reso-
nances. This was used only as a suggestion for possible

assignment of cross-peaks between signals already assigned
with the standard procedure.

RESULTS

Sequence-Specific Assignment.Extensive assignments of
oxidized cytb5 are available in the literature both for the
diamagnetic part of the protein (58-61) and for hyperfine-
shifted signals (62-64). This study was performed on a 1
mM phosphate buffer, pH) 7.0, sample. In these condi-
tions, besides the two known forms in which cytb5 exists in
solution due to two conformations of the heme ring differing
by a 180° rotation around theR-γ axis (65, 66), two more
minor species (about 20% of the major species) were
identified, which are very similar to forms A and B,
respectively. These species differ in chemical shift from the
major species by not more than 0.5 ppm and are localized
mainly around the heme and in a few specific regions of the
protein. The study of these minor species is not the aim of
this work, and it did not prevent assignment of the major
forms A and B. About 90% of the proton resonances of
these two major forms are very similar to those reported in
the literature and could be easily located in the maps. For
a larger number of residues than for those already reported
in the literature (56% instead of 45%), the two forms could
be resolved, since all spectra were acquired with a higher
resolution at 800 MHz. We will focus hereafter on form A
which has roughly a 60% population. A few amino acids
have a slightly different chemical shift and were found by
the standard comparison of NOESY and TOCSY experi-
ments. The assignment was extended with respect to data
in the literature to more resonances or whole residues in the
proximity of the heme (39, 40, 41, 62, 63) and to some
residues in the terminal part of the protein (81, 89, 91). This
is reported in detail in Table 1. Ser 18 was not identified,
consistent also with what was recently reported (61). The
total number of assigned residues is 89, which resulted in
78% of the total protons. All the observed NOE cross-peaks
above a given treshold have been assigned, besides those
falling under the water resonance or those too close to the
diagonal. Furthermore, all the NOEs expected above a given
threshold on the basis of the calculated structures (see later)
have been assigned (with the same exceptions as above).

Table 1: Newly Assigned Proton Chemical Shifts (ppm) in the
Oxidized Form of Microsomal Rat Cytochromeb5 at 298 K in H2O
at pH 7.0

residue HN HR Hâ others

Asp 3 2.55, 2.45
Leu 36 2.46, 2.36
Glu 38 Hγ 2.62, 2.56
His 39 Hδ1 12.64
Pro 40 4.10 Hγ 1.30,-0.44
Gly 41 4.41
Leu 46 Hγ 2.44
Glu 48 1.95, 1.85 Hγ 2.37, 2.21
Gly 62 5.13, 4.85
His 63 Hε ≈-14.1
Arg 68 Hγ 2.57
Leu 70 1.95, 1.72
Glu 78 Hγ 2.08
Leu 79 Hγ 1.61;δCH3 0.89, 0.60
Pro 81 3.65 2.10, 1.66 Hγ 1.32, 1.47; Hδ 2.20
Asp 82 2.62, 2.56
Lys 89 4.58 1.80 Hγ 1.69, 1.67
Ser 91 8.44 4.41 3.84

Solution Structure of Ferricytochromeb5 Biochemistry, Vol. 37, No. 1, 1998175



Secondary Structure.The elements of secondary structure
can already be identified by analyzing the pattern of assigned
NOEs (1). Short- and medium-range NOEs were used to
generate Figure 1. In general,â strands are expected to give
strong dRN sequential and intraresidue connectivities and
weak dNN connectivities, while helical structures can be
identified by the high number of sequential and medium-
range connectivities such asdNN(i,i+1), dNN(i,i+2), dRN-
(i,i+3), dRN(i,i+4), anddRâ(i,i+3). Six elements of helical
secondary structure can be predicted similarly to the char-
acteristic secondary structural elements present in all the cyt
b5 crystal and solution structures (30, 67-71). These are
commonly referred to as helicesR1...R6, and, in this

particular case, they involve residues 9-15, 32-39, 43-
49, 55-63, 64-75, and 81-87. Although there are some
discrepancies with previously reported NOE connectivities
(61), possibly due to different experimental conditions, the
results are essentially similar, besides the length of a few
helices. The pattern of long-range NOEs (data not shown)
points out the existence of aâ pleated region centered around
two antiparallelâ strands (21-25 and 28-32), the former
also being parallel to segment 51-54, the latter antiparallel
to region 75-79. Finally, connectivities indicating an
antiparallelâ strand are observed for residues 78-80 and
6-8. Nonexchanging amide protons (that could still be
observed in the D2O sample 5 days after it was prepared)

FIGURE 1: Schematic representation of the sequential and medium-range NOE connectivities involving NH, HR, and Hâ protons. The
thickness of the bar indicates the intensity of NOEs. The filled squares represent the nonexchangeable NH protons in the oxidized form,
while the open squares are the nonexchangeable NHs of the reduced form (unpublished results of this lab).
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were found for all the residues in stretches 23-25, 28-32,
and 74-77, in agreement with tight elements ofâ secondary
structure, and at positions12-13, 50, and 54.
Solution Structure Calculations.A total of 3294 NOESY

cross-peaks were integrated and transformed into upper
distance limits through the program CALIBA (45). In the
final calibration, volumes were found to be proportional to
1/r∧6 except for those involving side chain intraresidue
connectivities which were proportional to 1/r∧5 . Of the 1810
distance limits, 1372 (an average of 15.5 per assigned
residue) were found to be relevant and used in the structure
calculations together with 235 pseudocontact shifts. The
number of NOEs and the pseudocontact shifts per residue
are shown in Figure 2. A total of 27 stereospecific
assignments were obtained through the program GLOMSA
(45) during the course of the calculations, and 10 iterations
of PSEUDYANA were performed before the magnetic
anisotropy tensor reached convergence. The resulting family
of 40 structures has RMSD values to the mean structure
(hereafter, unless specified, RMSD values will always be
referred to the mean structure) of 0.59( 0.10 Å and 1.05(
0.11 Å for backbone and heavy atoms, respectively (calcu-
lated for residues 4-84). The target function lies in the range
0.19-0.49 Å2 (average target function of 0.37( 0.09 Å2).

The contribution of pseudocontact shift constraints with
respect to that of NOE constraints to the target function was
smaller than 5%.
Restrained energy minimization (REM) yields a family

with an average penalty function of 35.73( 4.50 kJ mol-1

(22.61-63.00 kJ mol-1), corresponding to a target function
of 0.28 ( 0.14 Å2 (0.17-0.47 Å2), the contribution of
pseudocontact shifts being lower than 15% compared to that
of NOE constraints. The average RMSD decreases slightly
for backbone atoms (0.58( 0.10 Å ) and remains the same
for heavy atoms. The improvement is mainly localized in
the regions of the protein where pseudocontact shift con-
straints were used, in particular in region 55-74. The
parameters describing the quality of the structure are sum-
marized in Table 2. A calculation with only NOE-derived
constraints yields a family with a comparable target function
(0.15-0.39 Å2) and higher RMSD (0.61( 0.12 and 1.06(
0.12 Å for backbone and heavy atoms, respectively). The
two structures are very similar, with the RMSD between the
two average structures being 0.29 Å for backbone atoms (see
later).
The solution structure is characterized by high resolution,

even in regions close to the paramagnetic center (Figure 3).
The RMSD values per residue for the backbone and heavy
atoms are reported in Figure 4A. Ser 18 was not identified

FIGURE 2: (A) Experimental values of pseudocontact shift con-
straints per residue used in structural calculations. (B) Number of
meaningful NOE-derived constraints used in the structural calcula-
tions. White, gray, dark gray, and black vertical bars represent
respectively intraresidue, sequential, medium-range, and long-range
connectivities. Histidine 63 includes connectivities involving the
heme.

Table 2: Parameters Characterizing the Solution Structure of
Oxidized Microsomal Rat Cytb5 Obtained in This Work

backbone RMSDa (Å) 0.58( 0.10
all heavy atoms RMSDa (Å) 1.05( 0.11
average target functionb (Å2) 0.28( 0.14
largest residual NOE violation (Å) 0.29
largest residual psudocontact shift violation (ppm) 0.33
residues in most favored Ramachandran plot
regions (%)

77.1

residues in allowed Ramachandran plot regions (%) 18.6
residues in generously allowed Ramachandran
plot regions (%)

1.4

residues in disallowed Ramachandran plot regions (%) 2.9
a RMSD values are calculated for residues 4-84. b Corresponding

to a REM penalty function of 35.73( 4.50 kJ/mol.c Ramachandran
plot parameters have been obtained on the REM family of structures
with the program PROCHECK NMR (Laskowski et al. ,1996), and
Gly and Pro are excluded from the Ramachandran analysis.

FIGURE 3: REM family of structures of rat cytb5 (A form). The
figure was generated with the program MOLMOL (90), and the
radius of the tube is proportional to the RMSD.
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in the oxidized state, and therefore it is not characterized by
high resolution. It lies in the edge of an external loop at
more than 7 Å from the metal ion. Therefore, it could have
escaped detection not because of paramagnetic effects, but
probably due to local mobility. The overall folding of the
protein is that typical of cytb5 proteins. Assignment of
secondary structure elements was achieved through the
PROCHECK analysis which relies on the method of Kabsh
and Sander (72). The two axial histidines (His 39 and His
63), which are coordinated to the heme, are located between
two helices. His 39 follows a series of turns, starting at
position 33 that, for simplicity, will be indicated as helix
R2 (33-39), even if they cannot be classified as a canonical
R helix, as already noted for crystal structures of cytb5 from
different sources (67, 70), and is followed by helixR3 (42-
50). His 63 separates helixR4 (54-62) from helixR5 (64-
74). Of the elements ofâ secondary structure suggested by
the pattern of long-range NOEs, only four segments of
extended chain forming aâ pleated region are observed for
residues 5-7, 75-78, 21-25, and 28-32 and are commonly
referred to as strandsâ1...â4. Strandsâ1 andâ2 are parallel,
while strandsâ3 andâ4 are antiparallel, connected by a type
I turn. Thisâ sheet, together with the above mentioned four

helices, forms the heme binding pocket. Two more periph-
eral helices are found for residues 8-14 and 81-87.
It is interesting to compare the average structure of this

family with that obtained excluding pseudocontact shift
restraints from the calculations. Figure 4B reports the RMSD
per residue within each of the two families together with
the pseudocontact shifts used. Improvement in the resolution
of the solution structure can be observed for most of the
residues for which a pseudocontact shift constraint was used.
Improvement becomes more evident in the regions around
the two heme-binding histidines, where the pseudocontact
shifts are larger in absolute value, indicating proximity to
the heme itself. The RMSD values between the average
structures of the two families are 0.29 and 0.35 Å for
backbone and heavy atoms, respectively. This lies within
the precision achieved for each family, indicating that,
besides an increase in the resolution upon addition of
pseudocontact shift constraints, the two structures are virtu-
ally identical.
Comments about the Magnetic Susceptibility Tensor.The

final ∆øax and∆ørh values are (2.83( 0.02)× 10-32 m3

and (-1.06( 0.01)× 10-32 m3, respectively. Thez axis
of the magnetic susceptibility tensor is nearly aligned to the
perpendicular to the mean heme plane, making with it an
angle of 2.5°, while thex axis makes an angle of 12.7° with
the R-γ meso direction. The∆øax and ∆ørh values are
slightly lower than the ones previously reported in the
literature for rat microsomal cytb5 [∆øax ) 3.11× 10-32

m3, ∆ørh ) -1.61× 10-32 m3 (59); ∆øax ) 3.04× 10-32

m3, ∆ørh ) -1.36× 10-32 m3 (64)] which were obtained
by fitting the pseudocontact shifts observed for the A form
of rat microsomal cytb5 to the crystal structure of the bovine
isoenzyme that, as mentioned above, has a 94% homology
with the rat isoenzyme. They axis was found to form an
angle of-60.7° in the iron-Nγ direction, which compares
very well to the angle of-57.7° found in our fitting. They
also result in satisfactory agreement with those found from
analysis of the13C contact shifts of the heme methyls through
MO calculations based onD4h symmetry with a rhombic
perturbation (64). In that approach, thezaxis was assumed
to be perpendicular to the heme plane, which seems to be a
good approximation in the light of the current results (2.5°).
The magneticy axis (in the heme plane) is then rotated in
the opposite direction, with respect to the iron-Nγ direction,
relative to the rhombic perturbation and is roughly aligned
to the bisector to the normals of the histidine rings (73). In
our solution structure, the angle between the average normal
to the two histidine planes and the iron-Nγ direction is
56.1°. In the crystal structure of the oxidized bovine protein,
the same angle is 53.5°. On the other hand, theøy direction,
in the present fitting, makes an angle of-57.7° with the
iron-Nγ direction, which indicates that the histidine plane
orientation is completely consistent with the above analysis.
Having the magnetic susceptibility tensor available, the

pseudocontact contribution to the hyperfine shift can be
calculated also for protons belonging to the heme moiety
and to the binding histidines. This allows us to evaluate
the sum of the contact plus the ligand-centered pseudocontact
contributions to the hyperfine shift (Table 3). Looking at
the CH3 contact shifts, it is evident that the largest unpaired
spin density is located on the 3CH3 and 5CH3. In the case
of c-type cytochromes, the CH3 groups with the largest spin

FIGURE 4: (A) RMSD values per residue to the mean structure,
for the REM family of structures for backbone (solid line) and for
all heavy atoms (dashed line). (B) Backbone RMSD values per
residue, to the mean structure, for the REM family (solid line) are
compared with those calculated for the family obtained without
using pseudocontact shift constraints (dotted line). Also the values
of pseudocontact shifts are reported in the figure as circles.
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density are 8 and 3 (13). This change in the pattern clearly
reflects the change in the orientation of the axial ligands,
whose projections are roughly rotated by 90°. The Hε1 of
His 63 experiences a large positive pseudocontact shift. As
has already been pointed out (13, 74), the pseudocontact
shifts of the ortho-like histidine protons strongly depend on
the tilt of the øz axis with respect to the heme normal.
Indeed, in this case, as the tilt angle is very small, the shift
is calculated larger than in the case of horse heart cytochrome
c and much larger than theS. cereVisiaecytochromecwhere
the tilt was significant. The similar values of calculated
pseudocontact shifts indicate that the histidine ring pseudo-
contact shifts are essentially not affected by the orientation
of the histidine ring planes and consequently by the rhombic
anisotropy.

DISCUSSION

Comparison with the Reduced Form.The solution struc-
ture of rat microsomal cytb5 in the reduced state has been
recently solved by NMR (30), and this allows a thorough
comparison between the two oxidation states in solution. It
should be noted that the existence of forms A and B causes
static disorder in the X-ray electron density maps, thus
preventing high resolution in this region (69); on the contrary,
NMR provides data that allow individual characterization
of the two forms.
The average minimized structures of the oxidized and

reduced solution structures are shown in Figure 5. Overall,

the RMSD values between them are 1.53 and 2.05 Å for
backbone and heavy atoms, respectively. The RMSD per
residue is reported in Figure 6 and is compared to the
pairwise RMSD per residue within each family (reduced and
oxidized), either superimposing the whole structures (A) or
only three residues at a time (B). For large parts of the
protein, the RMSD between the two average structures is
larger than the RMSD within each family, indicating a
significant difference. It is interesting to note that the region
that superimposes best is that between 21 and 32, which
contains the two antiparallelâ strands constituting the central
part of theâ sheet. The helices forming the heme-binding
pocket and the initial and terminal ones, in contrast, show
relatively large RMSD values with higher values in regions
34-50, 54-64, and 73-75. However, the local conforma-
tions are well maintained as witnessed by the much lower
RMSD values if the structures are compared only locally.
Some conformational differences still remain at positions
40-42, 49, 60-64, and 74. This observation indicates that
such differences may arise mainly from small changes in
dihedral angles which propagate along the structure and
induce relative movements of elements of secondary struc-
tures. To support this, Table 4 reports the RMSD values
obtained by superimposing one element of secondary struc-
ture at a time. All these values are well below the global
RMSD value of 1.53 Å for backbone atoms, indicating that
locally the various elements of secondary structure are not
so different. This suggests that the antiparallelâ sheet 21-

Table 3: Separation of the Contacta and Pseudocontact Contributions to the Hyperfine Shiftb

atom name residue name
chemical shift,

oxidized species (ppm)
chemical shift,

reduced species (ppm)
hyperfine
shift (ppm)

calculated pseudocontact
shift (ppm)

contacta shift
(ppm)

HN His 39 9.02 5.99 3.02 2.39 0.63
HR His 39 6.81 2.44 4.37 3.82 0.55
Hâ1 His 39 16.5 0.80 15.70 5.89 9.81
Hâ2 His 39 7.56 0.39 7.17 5.85 1.32
Hδ1 His 39 - - - 10.90 -
Hε1 His 39 - - - 23.48 -
Hδ2 His 39 - - - 18.50 -
HN His 63 11.11 5.98 5.13 2.94 2.19
HR His 63 7.51 2.57 4.94 4.18 0.76
Hâ1 His 63 10.53 - - 6.21 -
Hâ2 His 63 9.94 - - 6.69 -
Hδ1 His 63 12.64 - - 9.60 -
Hε1 His 63 -12.92 0.76 -13.68 13.26 -26.94
Hδ2 His 63 - - - 19.32 -
8-CH3 heme 2.84 3.65 -0.81 -2.82 2.01
1-CH3 heme 10.33 3.27 7.06 -1.54 8.60
2-HCR heme 26.18 7.38 18.8 -4.47 23.27
2-HCâ(trans) heme -6.32 5.40 -11.72 -1.71 -10.01
2-HCâ(cis) heme -6.66 5.05 -11.71 -1.72 -9.99
R-meso heme -3.17 9.27 -12.44 -11.84 -0.60
3-CH3 heme 14.66 3.36 11.30 -4.67 15.97
4-HCR heme 4.31 8.26 -3.95 -2.66 -1.29
4-HCâ(trans) heme 2.84 6.03 -3.19 -1.58 -1.61
4-HCâ(cis) heme 2.60 5.94 -3.24 -2.66 -0.58
â-meso heme 9.32 9.77 -0.54 -3.82 3.28
5-CH3 heme 19.66 3.49 16.17 -1.50 17.67
γ-meso heme -0.69 9.30 -9.99 -12.30 2.31
7-HR heme 19.30 4.29 15.10c -5.88 20.98
7-HR′ heme -1.23 4.11 -5.43c -4.01 -1.42
6-HR heme 15.49 4.00 11.58c -4.72 16.30
6-HR′ heme 14.19 3.82 10.28c -2.79 13.07
a This term includes ligand-centered pseudocontact shifts.b The data are reported for cytochromeb5 at 313 K. Except for the two histidines, for

which all calculated pseudocontact shifts are reported, the data are not shown in cases where a proton was not assigned either in the reduced or in
the oxidized species.c Since stereospecific assignment for propionate diastereotopic pairs is not available for all protons, the average shift of each
methylene pair in the reduced form was taken as the diamagnetic reference.
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25/28-31 could function as a support around which the
helices have the possibility to rearrange upon addition or
removal of one electron. It is worth noting that the
nonexchanging NH protons were mainly identified in this
region. In particular, helicesR2 and R4 are shifted on
opposite sides with respect to the iron atom, shifted
perpendicularly to the helix axis, toward the exterior of the
protein. The other two helices forming the heme-binding
pocket also show small translational movements. Interest-
ingly, two of the acidic residues claimed to be involved in
protein-protein recognition with cytochromec (cyt c
hereafter), namely, Asp 60 and Glu 56 (75-77), follow this
redox state dependent conformational change, with a differ-
ence in the conformation of the carboxylate groups in the
two forms of 3-4 Å. The rest of the acidic residues, which
were suggested to interact with cytc, are located on helix
R3 which shows a slight translational movement parallel to
the helix axis. The volume of the heme cavity, though, does
not show globally significant variations. It is also very
similar to that observed in the X-ray structure of the oxidized
bovine isoenzyme. Only a conformational difference be-
tween the solution structures of the two oxidation states for
residues 40-42 is observed which brings these surface-

exposed residues closer to the heme in the oxidized state.
This difference is documented by the absence of interresidue
NOEs involving residues 40-42 in the reduced state, which
instead were identified in the oxidized state.
The heme moiety is shifted toward the interior of the heme

pocket in the oxidized with respect to the reduced state with
differences in the average positions, greater than the spread
within each family, on the side of methyls 1 and 8 and of
propionate 7. The position of the heme in the X-ray structure
of the oxidized bovine isoenzyme is intermediate between
the two, slightly more similar to the oxidized form than to
the reduced one. Propionate groups have claimed to play a
role in the structure-function relationship and in molecular
recognition in cytb5 (69, 78, 79) and in other cytochromes
(13, 37, 80). Indeed, in the three cytochromes for which
the solution structures have been determined in both oxida-
tion states, a rearrangement of propionate 7 upon change of
oxidation state has been invariantly observed (13, 37, 80).
For cyt b5, it has been suggested that propionate 7 has the
function of stabilizing the extra positive charge in the
oxidized state (21), while propionate 6, which is pointing
toward the solution, is involved in molecular recognition (69,
78, 79). In the present oxidized rat cytb5, propionate 7 is

FIGURE 5: Ribbon diagram of the reduced (A) and oxidized (B) average minimized structures of rat microsomal cytb5. Also a stereoview
of the two structures (oxidized, black; reduced, gray) is shown (C).
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well-defined and gives NOEs between itsR protons and Pro
40 on one side of the heme ring and between itsâ protons
and Ser 64 on the other side. Its carboxylate group points
toward the exterior of the heme but forms a hydrogen bond
with the OH group of Ser 64. In the crystal structure of the
oxidized bovine protein (67), the propionate conformation
is similar, even if the carboxylate group is pointing toward
the interior of the heme and forms a hydrogen bond with
the NH of Ser 64. Propionate 6 displays a slightly smaller
number of NOEs, thus becoming more disordered on the

Câ and on the carboxylate. In the reduced state, propionates
are less defined as a smaller number of NOEs were observed.
However, a careful analysis showed that the NOEs between
propionate 7 and residues 40 and 64, which should appear
in a “clean” region of the 2D NOESY maps, are missing,
outside the experimental error, while one NOE between an
R proton and residue 61 is observed. This may indicate that
propionate 7 has different conformations in the two oxidation
states. Propionate 6, despite the lower definition, experiences
minor structural differences.

Summarizing, the conformation of the reduced form seems
to have a slightly wider surface on the side of the protein
that is proposed to interact with cytc, due to a displacement
of helix R4, and the heme seems to be a little more exposed
to the solvent, compared to the oxidized form. In parallel,
propionate 7 gets closer to Ser 64, on passing from the
reduced to the oxidized state.

Amide Hydrogen Exchange. The exchange rate of amide
protons with the solvent changes drastically upon removal
of one electron, as already observed for cytc (37). In
particular, while in the reduced state 39 backbone NHs were
identified as nonexchangeable, this number drops to 16 in
the oxidized state. This comparison was made by analyzing
NOESY spectra acquired roughly 5 days after the protein,
in each of the two states, was exchanged with D2O and is
reported in Figure 1, where the filled and the open squares
represent nonexchangeable NH protons for the oxidized and
reduced proteins, respectively. The majority of NH groups
which do not exchange in both oxidation states under the
above conditions are located inâ strandsâ4, â2, andâ3.
For â strands 2 and 3, several sequential NH protons are
nonexchangeable. This is consistent with these two strands
being quite buried in the protein frame. This is the region
that better superimposes in both oxidation states and is
proposed to play a structural support role for the heme
pocket.

The NH groups that become nonexchangeable upon
addition of one electron are located mainly in the helices
forming the heme-binding pocket, in particular in helicesR3
andR4, and in strandâ1. The location of these residues in
the protein frame is shown in Figure 7. Interestingly, a large
part of these residues coincides with the most mobile parts
observed in a 2.5 ns molecular dynamics simulation of cyt
b5 (81). The exchange with the solvent should occur through
fluctuations that allow solvent molecules to interact with
buried residues and thus to exchange (35, 36, 82, 83). The
two solution structures, which are time-averaged structures,
are not so different as to justify an increased solvent
accessibility of the oxidized state, and therefore it is possible
that the increased NH exchange rates in the above mentioned
parts are due to a greater flexibility in the oxidized state rather
than in the reduced one. Figure 7 shows that the residues
that have a different exchange rate depending on the
oxidation state are mainly located on the side of the protein
which contains most of the acidic residues (43, 44, 48, 56,
60) that should interact with cytc, namely, in helixR4 and
in part of helixR3. Also, scattered residues in the protein
showing the same behavior exist, but in smaller number. The
possibly larger mobility of the oxidized protein is also
consistent with its lower thermal stability with respect to the
reduced form (84).

FIGURE 6: RMSD per residue for backbone atoms within the
oxidized (long dashed line) and the reduced (short dashed line)
families of structures, and between the average structures of the
two families (solid line) superimposing either the whole structures
(A) or only three residues at a time (B).

Table 4: Average RMSD Values for Backbone Atoms between the
Oxidized and Reduced Average Minimized Structures of Rat Cytb5
Obtained Superimposing Only Residues Constituting a Defined
Element of Secondary Structure at a Time

residue range
(secondary structure elements)

RMSD for
backbone atoms (Å)

21-25(â4) and 28-32(â3) 0.30
33-39(R2) 0.54
42-50(R3) 0.52
54-62(R4) 1.09
64-74(R5) 0.67
8-14(R1) 0.25
81-87(R6) 0.57
5-7(â1) and 75-78(â2) 0.59
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For horse heart cytochromec, for which there are a large
number of studies aimed at understanding the forces driving
complex formation with cytb5 (75, 76, 85, 86), the data for
the oxidized protein are available (13), while they are not
reported for the reduced form (87), which prevents a
meaningful comparison. In the case ofS. cereVisiae iso-1-
cytochromec instead, different NH exchange rates were
observed for the two oxidation states (14, 37); the residues
showing different behavior are mainly located around pro-
pionate 6, and involve five lysine residues, hinting at a
possible region of interaction with cytb5.
Comparison with Other Cyt b5 Structures.Several crystal

structures of cytb5 from different sources are available. The
bovine microsomal isoenzyme is easier to tackle due to the
more favorable distribution between forms A and B (9:1),
and a crystal structure of the oxidized form is available (67)
(PDB entry 3b5c.pdb), which has been recently refined to
1.5 Å resolution (68) (PDB entry 1cyo.pdb). Also, a solution
structure has recently become available for the bovine
isoenzyme (70) (PDB entry 1wdb.pdb). Finally, rat cytb5
from the outer mitochondrial membrane was expressed (88)
and the X-ray structure recently solved (69) (PDB entry
1b5m.pdb).
The solution structures of the rat (present paper) and

bovine (70) oxidized proteins, which have a 94% homology,
are significantly different, the pairwise RMSD between the
two being 4.26 Å for backbone atoms. The solution structure
of the bovine isoenzyme is characterized by a smaller number
of NOE constraints with respect to the present one (1130 vs
1810), leading to a poorer resolution (RMSD 0.73 vs 0.50
Å for backbone atoms). This difference in the number of
NOE constraints is most dramatic in the region of the protein
around His 39, since no connectivities were identified for
residue 34 and for residues 39-41 in the bovine isoenzyme,
even though that study also relied on a15N-labeled sample.
This yields a structure characterized by no experimental
constraints in that region, except those deriving from the

known heme coordination. Therefore, some differences
cannot be considered as real differences but the result of a
poor resolution. On the other hand, the various elements of
secondary structure, far from the paramagnetic center, are
well-refined and relatively similar to the rat microsomal
protein.
The solution structure of the bovine isoenzyme (70) is also

different from its X-ray structure (68); the average RMSD
for backbone atoms is 4.54 Å. Again residues in the
proximity of the paramagnetic center have quite different
conformations. The X-ray structure of rat microsomal cyt
b5 is not available; however, the present solution structure
of rat cytb5 gives much closer results to the X-ray structure
of the bovine isoenzyme.
Comparison with the Apo Form.The solution structures

of rat cytb5 in both oxidation states can be compared with
the recently obtained solution structure of the apoprotein (89).
The average backbone pairwise RMSD values between the
apo form and the oxidized and reduced average minimized
structures are 4.32 and 4.21 Å, respectively, indicating that,
even if the structure of the apoprotein is still quite well-
defined in solution, this is rather different from the holo
structure, of both oxidation forms. The differences are larger
for the four helices forming the heme-binding pocket, in
particular for the two on the sides of His 63, while they are
smaller for the rest of the protein. The part that better
superimposes, as already observed comparing the two
oxidation states, is theâ strand involving residues 21-25
and 28-32. This again suggests that the role played by these
strands is as a structural support for the heme-binding pocket.

CONCLUSIONS

We have reported a high-quality structure of oxidized rat
microsomal cytb5. Pseudocontact shifts were employed for
the structure calculation and, while contributing very little
to target function (indicating very good agreement with
experimental data), they do contribute to increase the
resolution, mainly in the areas near the paramagnetic center,
where structural information is most important. Pseudocon-
tact shifts are a “centered” type of constraint, centered on
the metal ion, and thus contribute to define the heme pocket,
in a radius of roughly 10 Å.
This has allowed the observation of structural differences

between the oxidized and the reduced forms. Finally,
comparison of the solution structures of the protein in the
two oxidation states, combined with the dynamic information
obtained from NH exchange rates, gives precious insights
into understanding the electron transfer mechanism. The
differential behavior of NH exchange rates for cytb5 upon
loss of one electron was found located primarily in the region
of the protein that should interact with cytc, even if also
scattered residues show the same behavior. Also for cytc
the number of nonexchanging protons in comparable condi-
tions is much larger for the reduced protein, hinting at a lower
mobility with respect to the oxidized state. In complex
formation between cytc and cytb5, the potentials are such
that reduced cytb5 should “pass” its electron to cytc. It
seems so far a general trend that reduced forms are less
flexible than the oxidized ones. It would be tempting to
speculate that, in order to optimize electron transfer, the
reduced protein could provide a less flexible structure with

FIGURE 7: Mapping in the protein frame of NH protons experienc-
ing different exchange properties in the two redox states. Nonex-
changeable amide groups in both oxidation states are shown in
black; those showing a different behavior in the two forms
(nonexchangeable in the reduced state, exchangeable in the oxidized
state) are shown in light gray. Besides these, only the heme and
backbone atoms are shown.
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a suitable conformation for the interaction with a redox
partner (slightly more open heme cleft on the side of acidic
residues, and with the heme a little more exposed), while
the oxidized partner would be more flexible, providing an
adaptable module able to easily assume several conforma-
tions around the average structure to achieve complex
formation. After the electron has been transferred, the
situation between the two redox partners should be inverted.
For example, in the case of the cytb5-cyt c complex, after
electron transfer, cytb5 would become more flexible and
with a slightly different conformation, while cytc would
become less flexible and ready to reduce another protein.
This would be coupled to the change in conformation of
propionate 7. It should be noted that the conformational
differences we are observing are small displacement of
groups (propionate 7) or small variations of dihedral angles
that cause detectable displacements by propagating along
pieces of secondary structural elements. However, the small
structural variations are in agreement with expectations based
on electron transfer theory; that is, no large structural
rearrangements should be coupled to electron transfer in
biological macromolecules.
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