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ABSTRACT: Two distinct forms of cytochromeb5 exist in the rat hepatocyte. One is associated with the
membrane of the endoplasmic reticulum (microsomal, or Mc, cytb5) while the other is associated with
the outer membrane of liver mitochondria (OM cytb5). Rat OM cytb5, the only OM cytb5 identified so
far, has a significantly more negative reduction potential and is substantially more stable toward chemical
and thermal denaturation than Mc cytochromesb5. In addition, hemin is kinetically trapped in rat OM cyt
b5 but not in the Mc proteins. As a result, no transfer of hemin from rat OM cytb5 to apomyoglobin is
observed at pH values as low as 5.2, nor can the thermodyamically favored ratio of hemin orientational
isomers be achieved under physiologically relevant conditions. These differences are striking given the
similarity of the respective protein folds. A combined theoretical and experimental study has been conducted
in order to probe the structural basis behind the remarkably different properties of rat OM and Mc cyto-
chromesb5. Molecular dynamics (MD) simulations starting from the crystal structure of bovine Mc cyt
b5 revealed a conformational change that exposes several internal residues to the aqueous environment.
The new conformation is equivalent to the “cleft-opened” intermediate observed in a previously reported
MD simulation of bovine Mc cytb5 [Storch, E. M., and Daggett, V. (1995)Biochemistry 34, 9682-
9693]. The rat OM protein does not adopt a comparable conformation in MD simulations, thus restricting
access of water to the protein interior. Subsequent comparisons of the protein sequences and structures
suggested that an extended hydrophobic network encompassing the side chains of Ala-18, Ile-32, Leu-36,
and Leu-47 might contribute to the inability of rat OM cytb5 to adopt the cleft-opened conformation and,
hence, stabilize its fold relative to the Mc isoforms. A corresponding network is not present in bovine Mc
cyt b5 because positions 18, 32, and 47, are occupied by Ser, Leu, and Arg, respectively. To probe the
roles played by Ala-18, Ile-32, and Leu-47 in endowing rat OM cytb5 with its unusual structural properties,
we have replaced them with the corresponding residues in bovine Mc cytb5. Hence, the I32L (single),
A18S/L47R (double), and A18S/L47R/I32L (triple) mutants of rat OM cytb5 were prepared. The stability
of these proteins was found to decrease in the following order: WT rat OM> rat OM I32L > rat OM
A18S/L47R> rat OM A18S/L47R/I32L> bovine Mc cytb5. The decrease in stability of the rat OM
protein correlates with the extent to which the hydrophobic cluster involving the side chains of residues
18, 32, 36, and 47 has been disrupted. Complete disruption of the hydrophobic network in the triple
mutant is confirmed in a 2.0 Å resolution crystal structure of the protein. Disruption of the hydrophobic
network also facilitates hemin loss at pH 5.2 for the double and triple mutants, with the less stable triple
mutant exhibiting the greater rate of hemin transfer to apomyoglobin. Finally,1H NMR spectroscopy and
side-by-side comparisons of the crystal structures of bovine Mc, rat OM, and rat OM A18S/L47R/I32L
cyt b5 allowed us to conclude that the nature of residue 32 plays a key role in controlling the relative
stability of hemin orientational isomers A and B in rat OM cytb5. A similar analysis led to the conclusion
that Leu-70 and Ser-71 play a pivotal role in stabilizing isomer A relative to isomer B in Mc cytochromes
b5.

Two distinct forms of cytochromeb5 have been shown to
exist in the rat hepatocyte. One is associated with the

membrane of the endoplasmic reticulum (microsomal, or
Mc,1 cytochromeb5) while the other is associated with the
outer membrane of liver mitochondria (OM cytochromeb5).
Both proteins are anchored to their respective membranes
via a stretch of hydrophobic amino acids near the C-terminus.
Mc cytochromesb5 have been identified in mammals, insects,
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plants, and a variety of other eukaryotes (1, 2). In contrast,
the only OM cytb5 that has been positively identified and
studied to date originates from rat liver (3, 4). In 1973,
Fukushima and Sato reported that the heme-binding domain
of rat liver OM cyt b5, isolated from mitochrondria by
treatment with trypsin, was immunologically distinct from
the trypsin-cleaved heme-binding domain of rat liver Mc cyt
b5 (3). In 1980, Ito reported a method for obtaining the
trypsin-cleaved heme-binding domain of rat liver OM cyt
b5 in high purity (4). Lederer and co-workers subsequently
sequenced the heme-binding domain of trypsin-cleaved rat
OM cyt b5 and found it to be 58% homologous to the
corresponding domain of rat liver Mc cytb5 (5). These early
findings indicating the presence of two isoforms of cytb5 in
the rat hepatocyte have been confirmed by reports demon-
strating that rat liver Mc cytb5 and rat liver OM cytb5 are
coded by different genes (6-8).

The amino acid sequences of several mammalian cyto-
chromesb5 are compared in Figures 1 and 2. Mc cytochromes
b5 and rat OM cytb5 possess an amino-terminal hydrophilic
domain, a medial hydrophobic domain, and a carboxyl-
terminal hydrophilic domain. The N-terminal domain (se-
quence shown in Figure 1) contains approximately 100 amino
acid residues and binds protoheme IX (9). This portion of
the protein extends into the cytosol where it participates in
electron-transfer reactions (10-13). The medial hydrophobic
domain, consisting of about 20 amino acids near the protein
C-terminus (see Figure 2), is embedded in the lipid bilayer
and anchors the protein to the appropriate membrane (14).
The C-terminal domain of Mc cytb5, comprising about 7
residues, is exposed to the lumen of the ER (15, 16). The
corresponding domain of rat OM cytb5, containing about
10 residues, is most likely directed toward the intermembrane
space of the mitochondrion.

It has been demonstrated that the carboxyl-terminal 10
amino acid residues of cytb5 (see Figure 2) possess the
necessary information to determine whether the protein is
localized to the ER (Mc cytochromesb5) or to the outer
mitochondrial membrane (OM cytb5) (6, 8, 9). For instance,
when Lys-144 in rat OM cytb5 was replaced by Ala, and
the K144A mutant was expressed in COS-7 cells, the mutant
protein was localized to the ER membrane rather than the
outer mitochondrial membrane. On the other hand, when
Asp-134 in rat Mc cytb5 was replaced by Lys, the D134K
mutant was localized mainly to the outer mitochondrial
membrane (8). It was therefore concluded that localization
of cyt b5 to the outer mitochondrial membrane requires a
positively charged residue near the C-terminus.

Genes for Mc cytochromesb5 from several mammals have
been cloned from cDNA libraries (6, 17-21). All of these
genes code for proteins containing 134 residues. A com-
parison of mammalian Mc cytochromeb5 sequences using
the program BlastP (22) (with bovine Mc cytb5 as the query)
showed that the full-length proteins share 84-97% sequence
identity and 93-98% sequence similarity. By comparison,
full-length rat OM cytb5, at 146 amino acids (8), is longer
than the Mc isoforms. Furthermore, a pairwise BlastP
comparison of the full-length bovine Mc and rat OM
cytochromesb5 showed that they share only 49% sequence
identity and 68% sequence similarity. The alignment gener-
ated by the algorithm begins with residue-1 for both
proteins (refer to Figure 1) and ends at residue 134 for bovine
Mc cyt b5 and at residue 143 for rat OM cytb5 (see Figure
2). On the basis of the amino acid sequence reported by
Lederer et al. (5), Rivera et al. (23) constructed a synthetic
gene for expressing the water-soluble domain of rat OM cyt
b5. The recombinant protein consists of residues-5 to 87
according to the numbering scheme in Figure 1, initially used
by Mathews for the structure of the lipase fragment of bovine
Mc cyt b5 (24). Subsequent X-ray and NMR structures
deposited in the Protein Data Bank (PDB) maintained
Mathew’s original numbering scheme. For reasons of
consistency, in our current and previous work with rat OM
cyt b5, we have also maintained this numbering scheme. As
noted in a recent communication (25), the recombinant
protein contains Asp at position-5 rather than Asn due to
an error in the originally reported protein sequence. Com-
parison of UV/vis, EPR, and paramagnetic1H NMR data

FIGURE 1: Amino acid sequence alignments for heme-binding domains of mammalian Mc and OM cytochromesb5 for which genes have
been cloned. The sequences shown represent residues 1-105 and 1-114 of the full-length Mc and OM cytochromes, respectively (continued
in Figure 2). The numbering scheme utilized, initially introduced by Mathews (24), is used to identify residues in the present work. Heme
iron ligands His-39 and His-63 are shown in bold. Residues in rat OM cytb5 that were mutated as part of this work are highlighted against
a black background.

FIGURE 2: Continuation of the sequences shown in Figure 1, with
residue numbers based on the actual protein sequence. The putative
membrane-spanning regions are shown in bold.
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suggested similar heme environments for the recombinant
rat OM cytb5 and the Mc isoforms (23). The X-ray crystal
structure (26) of the heme-binding domain of rat OM cytb5

confirmed that prediction, demonstrating that the recombinant
protein adopts a fold identical in most respects to that
characteristic of the Mc cytochromesb5 (27). In fact, the
rms difference between the crystal structure coordinates of
the backbone atoms in rat OM and bovine Mc cytb5 (27) is
0.6 Å. The similarity of the two proteins is not only confined
to the protein backbone but extends to the side chain
rotamers; i.e., the side chain torsional angles of most residues
differ by less than 60° (26).

Given the structural similarity between rat OM cytb5 and
the Mc cytochromesb5, it was striking to find that the
reduction potential of rat OM cytb5 (-107 mV vs NHE)
(28-30) is 100 mV more negative than the reduction
potential of mammalian Mc cytochromesb5 (0 ( 10 mV vs
NHE) (31-34). More recently, we reported that oxidized
rat OM cyt b5 is also much more stable to thermal and
chemical denaturation than oxidized Mc cytochromesb5.
Hemin release and reorientation are also dramatically slower
in the mitochondrial isoform (25). The corresponding apo-
proteins have very similar stabilities, hence suggesting that
stronger interactions between hemin (oxidized heme) and
polypeptide in rat OM cytb5 contribute to its enhanced
thermal and chemical stability. It is therefore interesting to
ponder whether nature has tailored the biophysical properties
of OM and Mc cytochromeb5 so that each protein performs
distinct roles in the cell. In this context it is illustrative to
consider the only well-established function of rat OM cyt
b5, namely, its participation in the reduction of cytosolic
semidehydroascorbate (ascorbate radical). To accomplish this
function, electrons originating in NADH are transferred to
NADH cyt b5 reductase, which reduces OM cytb5 in the
outer mitochondrial membrane. Reduced OM cytb5, in turn,
transfers the electron to semidehydroascorbate reductase (35,
36). Comparing the reduction potentials of rat OM cytb5

(-107 mV vs NHE) (28, 29) and rat Mc cytb5 (-7 mV vs
NHE) (34), it appears that only the mitochondrial isoform
is likely to efficiently reduce semidehydroascorbate (E0 )
-10 mV vs NHE) (37).

The markedly different properties of rat OM cytb5 relative
to the Mc isoforms are intriguing, considering that their
crystal structures revealed only minor differences in overall
fold (26). Consequently, this case represents an unparalleled
opportunity to study how nature tuned the distinct properties
of the OM and Mc cytb5 isoforms with minor variations in
amino acid sequence and with subtle structural modifications.
Herein we report the results of theoretical and experimental
studies aimed at elucidating the factors responsible for the
markedly higher stability and slower hemin release and
reorientation in the rat OM protein relative to the Mc
isoforms. Careful comparisons of the corresponding protein
sequences and structures in the context of molecular dynam-
ics (MD) simulations of rat OM and bovine Mc cytb5

suggested that an extended hydrophobic network involving
the side chains of Ala-18, Ile-32, Leu-36, and Leu-47 in the
rat OM isoform contributes to tight packing of a short surface
loop consisting of residues 49-51. Much less extensive
interactions occur among the side chains of Ser-18, Leu-32,
Leu-36, and Arg-47 in bovine Mc cytb5. We hypothesized
that this difference is responsible for opening of a large cleft

on the surface of the Mc protein, which exposes several
internal hydrophobic residues and part of the heme to solvent.
The “cleft-opened” conformation appears to be identical to
one observed by Storch and Daggett in a previously reported
MD simulation of bovine Mc cytb5 (38). Subsequent studies
with rat OM cyt b5 mutants in which Ala-18, Ile-32, and
Leu-47 have been replaced with the corresponding residues
found in bovine Mc cytb5 revealed that the stability and
tendency to lose heme correlate well with the degree to which
the hydrophobic network is maintained. This conclusion is
supported by a 2.0 Å crystal structure of the A18S/l47R/
I32L triple mutant of rat OM cytb5, which shows that the
hydrophobic network has been completely eliminated. Com-
parison of this crystal structure with those of the wild-type
rat OM and bovine Mc proteins has also permitted us to
identify some key structural differences between the rat OM
cyt and bovine Mc proteins, which contribute to their
contrasting preferences for binding hemin. Mc cytochromes
b5 favor isomer A, whereas rat OM cytb5 favors isomer B.

EXPERIMENTAL PROCEDURES

Protocols used for standard procedures such as plasmid
isolations, transformations, ligation, and restriction endo-
nuclease reactions were those published by Sambrook et al.
(39). Recombinant rat liver OM cytb5 and the site-directed
mutants studied in this work were expressed inEscherichia
coli and purified as described previously (23). Single-
stranded oligonucleotides were synthesized by the Recom-
binant DNA/Protein Facility at Oklahoma State University.

Site-Directed Mutagenesis.The recombinant plasmid
MRL1 (23) and the transformer site-directed mutagenesis
kit (Clontech) were used to obtain a gene coding for the
A18S/L47R double mutant of rat OM cytb5. The sequences
corresponding to the selection primer (AflIII to BglII) and
mutagenic primers designed to introduce the A18S and L47R
mutations follow: 5′-GGGGATAACGCAGGAAAGAA-
CATGTGAGCAAAAGGCC-3′; 5′-GCGAAACGTAACAC-
CTCTGAAGAAACCTGGATGG-3′; 5′-CGGCGAAGAAGT-
TCTGCGCGAACAGGCGGG-C-3′. The underlined codons
represent mismatches introduced to generate the mutations.
The PBS+ plasmid harboring the gene coding for the A18S/
L47R double mutant was excised by digestion with the
restriction endonucleasesBamHI andNdeI and then purified
by electrophoresis. The 300 base pair gene was then cloned
into the expression plasmid pET11a (40) and the recombinant
pET plasmid transformed into BL21(DE3)E. coli cells for
subsequent protein expression. The recombinant pET 11a
plasmid (MRL2) (23) and the QuikChange site-directed
mutagenesis kit (Stratagene) were used to construct the I32L
mutant. The A18S/L47R/I32L triple mutant was constructed
from the recombinant pET 11a plasmid harboring the gene
coding for the A18S/L47R double mutant. The sequences
corresponding to the mutagenic primers designed to introduce
the I32L mutation are 5′-GGCCGTGTTTACGATCTGAC-
CCGTTTCCTGTCTGAAC-3′ and 5′-GTTCAGACAG-
GAAACGGGTCAGATCGTAAACACGGCC-3′. The re-
combinant constructs were transformed intoE. coli XL1-
blue competent cells for amplification and subsequent
sequencing. Once the sequence was established, the recom-
binant plasmids were transformed intoE. coli BL21(DE3)
cells for protein expression.
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1H NMR Spectroscopy.1H NMR spectra were recorded
on Varian Unity Inova NMR spectrometers operating at
399.97 and 598.658 MHz,1H frequency. Protein solutions
were exchanged with perdeuterated sodium phosphate buffer
(µ ) 0.1 M, pH 7.0, not corrected for the isotope effect) in
order to obtain a volume of 0.8 mL and a final concentration
of ∼3 mM. Spectra were acquired with water presaturation
by accumulating 256 scans over a 30 kHz spectral width,
16K data points, and a relaxation delay of 2 s. Rate constants
for heme-isomer interconversion were obtained by monitor-
ing the time-dependent changes in the areas under the heme
resonances corresponding to isomers A and B. The data were
analyzed in terms of a reversible first-order reaction as
described previously (32, 41). In short, the heme intercon-
version reaction can be represented by eq 1 and the change
in concentration of isomer A as a function of time is given
by eq 2. If [A]0 and [B]0 are the concentrations of heme

isomer A and heme isomer B at time zero and [A]eq and
[B]eq represent the equilibrium concentrations, eq 3 is readily
obtained, which can be integrated to give eq 4. A plot of the

term ln{[A] - [A] eq/[A] 0 - [A] eq} vs time should be linear
with slope-(k1 + k-1). The equilibrium constantKeq ) k1/
k-1 is obtained from the NMR spectrum when the heme
interconversion reaction has reached equilibrium.

Thermal Denaturation Studies.Thermal denaturation
experiments were performed on a Kontron UVIKON 9410
spectrophotometer outfitted with a thermostated cell com-
partment. Temperature was controlled by a VWR Scientific
Model 1140A constant temperature circulator and monitored
within the cell using an Omega Model HH200 thermometer
with a T thermocouple ((0.2 °C). Sample concentration
ranged from 3 to 5µM in 50 mM potassium phosphate
buffer, pH 7.0. The temperature was increased in ap-
proximately 5°C increments, and samples were equilibrated
for 15 min after reaching each desired temperature. The
melting temperature (Tm) was determined from the first
derivative of a plot of Soret band absorbance at 412 nm (λmax)
vs temperature.

Chemical Denaturation Studies.Stock solutions of guani-
dinium chloride (GdmCl; Aldrich) were prepared in 50 mM
potassium phosphate buffer, pH 7. To eliminate potential
errors in weighing of the hygroscopic GdmCl, stock solution
concentrations were determined from measurements of the
solution refractive index (42). A minimum of 15 solutions
was used in each denaturation experiment. Solutions with
final protein concentrations of 2-3 µM and GdmCl con-
centrations ranging from 0 to 5 M were maintained at 25°C
for 20 h before fluorescence and UV/vis spectra were
recorded. The fluorescence intensity of each sample at 340
nm was recorded on a PTI QuantaMaster luminescence
spectrometer, with excitation at 280 nm. Temperature was
controlled by a VWR Scientific Model 1140A constant

temperature circulator and monitored within the cell using
the Omega Model HH200 thermometer described above.
Each data point represents an average of five to seven scans.
For each sample, a spectrum of a suitable blank solution was
subtracted. UV/vis spectra were recorded at 25°C using the
instrument described above. Data were analyzed by the
standard method for a two-state denaturation (42).

Hemin Transfer Experiments.Removal of heme from horse
skeletal muscle myoglobin (Calbiochem) was accomplished
using the method of Teale (43). Apomyoglobin (apoMb)
concentrations were estimated using an extinction coefficient
of 16.0 mM-1 cm-1 at 280 nm (44). For each hemin transfer
experiment, a 1.0 mL solution of apoMb (12-15 µM) in 50
mM sodium citrate/sodium phosphate buffer was equilibrated
at 21°C in a 1.0 cm cuvette in the UV/vis spectrophotometer.
A solution of cytb5 prepared in the same buffer (5µL; final
concentration 5-6 µM) was added to the apoMb solution.
Continuous measurements of the absorbance at 406 nm were
initiated about 20 s from time of addition of cytb5. The rate
constants for hemin transfer at pH 5.2 were calculated from
the initial rate data, using the exponential equation for a first-
order reaction (eq 5).∆At is the change in absorbance at
time t, ∆Aeq is the change in absorbance at equilibrium, and
k equals the rate constant for hemin transfer.

∆Aeq values at equilibrium were calculated usingε406 )
151 mM-1 cm-1 for holoMb andε406 ) 122 mM-1 cm-1 for
holocytb5. These values are based on Soret bandλmax values
reported in the literature for Mb (45) and cytb5 (23).

Crystallization and X-ray Diffraction Data Collection.
Recombinant A18S/L47R/I32L was purified as described
above. The protein was incubated at 60°C in order to achieve
the thermodynamically favored isomer ratio A:B) 1:4. The
integrity of the protein was checked by1H NMR and
electronic absorption spectroscopy and then exchanged into
a buffer containing 20 mM Tris, pH 7.8, and 0.2% NaN3 in
order to initiate crystal growth experiments. Crystals were
grown in vapor diffusion plates at 5°C from hanging drops
of the protein solution previously mixed 1:1 by volume with
the reservoir solution containing 27% (w/v) poly(ethylene
glycol) (MW 8000, PEG 8K), 0.2 M magnesium acetate,
and 0.1 M PIPES, pH 6.5. The typical size of the crystals
obtained with this system was approximately 0.2 mm× 0.2
mm × 0.3 mm. A single crystal was equilibrated with a
solution similar to that contained in the reservoir solution
(see above) but containing 36% (w/v) PEG 8K, flash-cooled
in a stream of nitrogen gas to a temperature of approximately
100 K, and used for data collection. X-ray diffraction data
were collected with a MAR345 image plate system installed
on a Rigaku RU-43R X-ray generator equipped with an
Osmic mirror. Raw data were processed using the program
suite HKL (46). A complete data set was collected up to 2.0
Å resolution.

Structural Determination and Refinement.Molecular
replacement calculations were performed using a model of
our previously determined rat OM cytb5 crystal structure
(PDB code: 1B5M) with the program AmoRe (47). One
crystallographic asymmetric unit contains four cytb5 mol-
ecules with 44% solvent content. The initialR-factor and
Iobs/Icalc correlation after the molecular replacement search

∆At ) ∆Aeq(1 - e-kt) (5)

A {\}
k1

k-1
B (1)

d[A]/dt ) k1[A] + k-1[B] (2)

d[A]/dt ) (k1 + k-1)([A] eq - [A]) (3)

ln{[A] - [A] eq/[A] 0 - [A] eq} ) -(k1 + k-1)t (4)
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and prior to refinement were 0.36 and 0.7, respectively.
Refinement was carried out using the program CNS (V.1.0)
(48) with 6% of the total reflections randomly selected prior
to the refinement and used to monitor the freeR factor.
Simulated annealing (from 5000 K) was used at the initial
stage of the refinement to reduce bias of the template model.
The graphic programs FRODO (Turbo) (49) and O (50) were
used for interactive modeling. Noncrystallographic symmetry
restriction was applied in the early stage of refinement. No
solvent molecules were added to the model until the working
R-factor was reduced to below 0.25. A bulk solvent correc-
tion and an isotropic overallB-factor refinement were applied
throughout the refinement. In the final refined model, no
backboneφ, ψ torsion angle pair is located in the disallowed
region of the Ramachandran plot, and 98% of the residues
are within either the most favored or the additionally allowed
regions, as defined by PROCHECK (51). Coordinates of the
crystal structure corresponding to the A18S/I32L/L47R
mutant of rat OM cytb5 reported here have been deposited
in the Protein Data Bank with accession code 1ICC.

Molecular Dynamics Simulations.Molecular dynamics
simulations were performed using the program CHARMM
(version 26) (52), with the version 22 all-atom protein
topology and parameters (53). The initial protein structures
were obtained from the X-ray coordinates deposited in the
Protein Data Bank: file 1CYO for bovine Mc cytb5 (27)
and file 1B5M for rat OM cytb5 (26). Residues 89-93 in
bovine Mc cytb5 and residues 1-2 in the rat OM protein
were not visible in the electron density maps and were thus
omitted in the simulations. The simulated structures thus
included 88 residues (1-88 from the sequence in 1CYO)
for Mc cyt b5 and 84 residues (3-86 from the sequence in
1B5M) for rat OM cytb5.

The missing hydrogen atoms were built in with the
HBUILD module of CHARMM (54). To generate systems
that were neutral overall and corresponded to solutions with
ionic strengths close to the physiological value of 0.15 M,
counterions were added using the program SOLVATE 1.0
(55). A total of 21 counterions (16 Na+ and 5 Cl-) were
added to rat OM cytb5 and 22 counterions (15 Na+ and 7
Cl-) to bovine Mc cyt b5. The cytochromes with their
counterions were immersed in a truncated octahedral water
cell, constructed by cutting off corners from a cube of side
62.2864 Å (56). After water molecules overlapping the
proteins and counterions were deleted, the simulation cells
contained 3460 water molecules for bovine Mc cytb5 and
3505 water molecules for rat OM cytb5. For each system
the solvent and counterions were allowed to equilibrate for
100 ps in the presence of the fixed protein. This was followed
by a brief energy minimization and a 100 ps equilibration
of the whole system. Finally, a 1 nsmolecular dynamics
(MD) trajectory was generated for each of the systems.

The equilibration and trajectory phases of the calculation
were carried out by MD simulations at constant pressure (1
atm) and constant temperature (300 K), under periodic
boundary conditions. The leapfrog integrator was used (57)
with a 2 fstime step, and SHAKE constraints were applied
to all bonds involving hydrogen atoms (58). The Langevin
piston method (59) was employed to maintain a constant
pressure and the Hoover thermostat to maintain constant
temperature (57). The particle-mesh Ewald (PME) method
was employed in calculation of electrostatic interactions to

avoid truncation of these long-range forces (56, 60). The
simulations were carried out on the SGI ORIGIN 2400
supercomputer at the Center for Advanced Scientific Com-
puting at the University of Kansas. A 1 ns simulation of a
solvated cytb5 system with PME treatment of electrostatics
took about 40 CPU days on this computer.

RESULTS AND DISCUSSION

Molecular Dynamics Simulations.The heme-binding do-
main of cytb5 has been described as containing two cores.
Core 1 comprises a fourR-helical bundle that forms a cavity
where the heme cofactor is located. Core 2, which consists
of two shortR-helices and a four-strandedâ-sheet, is thought
to be structurally independent of core 1. In fact, experimental
(61) and theoretical (62) studies have shown that removal
of heme from the protein has little effect on the structure of
core 2. In contrast, loss of heme is accompanied by increased
mobility and substantial loss of secondary structure in core
1. Hence, the structural integrity of core 1 is strongly
dependent on protein-heme interactions.

In molecular dynamics (MD) simulations of bovine Mc
cyt b5, Storch and Daggett (38) observed time-dependent
formation of a large cleft which exposes portions of the
protein interior and of heme to the solvent. This cleft-opened
intermediate was proposed to lie along the pathway of protein
denaturation (63). As a means of elucidating structural
explanations for the markedly different stabilities of the
heme-binding domains of Mc and OM cytochromesb5, we
have performed an independent MD simulation of bovine
Mc cyt b5 as well as the first MD simulation of the rat OM
isoform. The X-ray crystal structure coordinates of bovine
Mc cyt b5 (PDB accession code 1CYO) and of rat OM cyt
b5 (PDB accession code 1B5M) were used as starting points
for these 1 ns length simulations. Explicit water molecules
were included in the calculations, sodium and chloride ions
were introduced to create solutions with a physiologically
relevant ionic strength (0.15 M), and long-range electrostatic
forces were accounted for through the use of Ewald sum-
mation (56), under conditions of constant temperature and
pressure.

BoVine Mc Cyt b5. The results obtained from our MD
simulation of bovine Mc cytb5 are summarized in Figure 3.
The time axis in all plots is split into two segments, an
equilibration phase of 100 ps followed by the trajectory phase
1000 ps in length. During the equilibration phase, the protein
in its crystal structure conformation is allowed to adjust to
the water and counterion environment. Figure 3, panel A,
reports time-dependent changes of backbone atom positions
for residues 4-84 relative to their starting positions in the
crystal structure. These data reveal a small change (∼0.6
Å) during the equilibration phase of the calculation. Little
additional change is observed during the trajectory phase,
and atomic fluctuations during this phase are small (∼0.4
Å). Hence, the motions of the microsomal protein can be
described as small fluctuations centered around a stable
structure represented by the X-ray crystal structure.

The data in Figure 3B reveal that the backbone atom
positions of residues 49-51 deviate by 4-5 Å from their
positions in the X-ray crystal structure. These deviations are
significantly larger than the average deviations indicated in
Figure 3A. The relatively large rms deviations observed for
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residues 49-51 result from a structural transition in this
region that occurs approximately 40 ps after commencing
the equilibration phase (Figure 3B). Residues 49-51 are
located on the protein surface and are involved in contacts
with neighboring proteins in the crystal structure. Hence, such
a large change in conformation is not altogether surprising.

Comparing the crystal structure of the protein (Figure 4A)
with the structure observed during the trajectory phase of
our calculation (Figure 4B) reveals that the conformational
change involving residues 49-51 results in the opening of

a cleft. This cleft is qualitatively identical to the one observed
by Storch and Daggett in their MD simulation of bovine Mc
cyt b5 (compare Figure 6 in ref38). In our simulation,
however, the protein remains in the cleft-opened conforma-
tion throughout the entirety of the 1000 ps trajectory, rather
than oscillating between the “cleft-opened” and “cleft-closed”
forms as observed by Storch and Dagget (38). The structural
transition exposes several internal residues (gold and light
blue in panels A and B in Figure 4) to the aqueous
environment. Opening of the cleft is also revealed by a

FIGURE 3: Summary of results obtained from molecular dynamics simulations of bovine Mc cytb5 (panels A, B, and C) and rat OM cyt
b5 (panels A′, B′, and C′). The time axis in all plots is divided in two segments, a 100 ps long equilibration time, where the starting
structure is allowed to equilibrate in water in the presence of counterions, followed by a 1000 ps long trajectory segment. (A) Time-
dependent rms deviations of backbone atom positions (residues 4-84) relative to their corresponding position in the starting X-ray structure
of bovine Mc cytb5. (B) Time-dependent rms deviations observed for the backbone atom positions of residues 49-51 in bovine Mc cyt
b5. (C) Time-dependent variations in the distance between the CR carbons of Ser-18 and Ala-50 in bovine Mc cytb5. (A′) Time-dependent
rms deviations observed for the backbone atom positions of residues 3-80 in rat OM cytb5, relative to its X-ray crystal structure. (B′)
Time-dependent rms deviations observed for residues 49-51 in rat OM cytb5. (C′) Time-dependent variations in the distance between the
CR carbons of Ala-18 and Ala-50 in rat OM cytb5.
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substantial increase in distance between the residues in the
49-51 loop (located in core 2) and a number of residues in
core 1. This is illustrated in Figure 3C, which reports time-
dependent changes in distance between the CR carbon atoms
of Ser-18 (core 1) and Ala-50 (core 2). This distance
increases from∼11 to ∼14 Å approximately 40 ps after
starting the equilibration phase of our calculations. There-
after, the distance remains centered at approximately 14 Å
(the distance observed in the crystal structure is∼9.4 Å). In

comparison, the distance between the hydroxyl hydrogen of
Ser-18 and a methyl hydrogen of Ala-50 during the MD
simulations of Storch and Daggett oscillates between ap-
proximately 9.4 Å (cleft closed) and 15 Å (cleft opened).

Although the cleft-opened conformation seen during the
calculations of Storch and Daggett is reproduced during our
calculations, it is interesting to point out that the cleft-opened
conformation is acquired at approximately 40 ps in the
equilibration phase of our calculations (see Figure 3B). Our
calculations also show that this conformation is maintained
during the entire trajectory. In contrast, the calculations of
Storch and Daggett showed that the protein oscillates
between the opened and closed conformations during their
trajectory. The fact that details of the simulation results differ
between our study and that of Storch and Daggett is not
surprising due to numerous differences in methodology,
including force fields employed, use of cutoffs, presence of
counterions, and boundary conditions (constant volume in
ref 38 vs constant pressure here). Nevertheless, it is highly
satisfying that the general prediction of the existence of two
conformers of Mc cytb5 in solution is reproduced in
calculations performed under such different conditions.

Rat OM Cyt b5. The results obtained from our MD
simulation of rat OM cytb5 are summarized in Figure 3,
panels A′, B′, and C′. As with the Mc isoform, the time axis
has been split into an equilibration phase of 100 ps and a
trajectory phase of 1000 ps. Figure 3A′ shows that residues
3-80 in rat OM cytb5 remain very close to their starting
crystal structure positions during the MD simulations (rmsd
∼0.6 Å). It can also be seen from Figure 3A′ that the average
atomic fluctuations in rat OM cytb5 (∼0.4 Å) are small and
comparable to those observed for bovine Mc cytb5 (Figure
3A). In stark contrast to the observations made with the Mc
protein, however, residues 49-51 in rat OM cytb5 do not
undergo significant changes in position either during the
equilibration phase of our calculation or during the 1000 ps
length simulation. Atomic fluctuations of these residues are
similar to the values for the overall protein (compare panels
A′ and B′ in Figure 3) and smaller than observed for residues
49-51 in bovine Mc cytb5 (compare panels B and B′ in
Figure 3). Finally, it is evident from Figure 3C′ that, during
the equilibration and trajectory phases of the rat OM cytb5

MD simulation, the distance between the CR carbons of
residues 18 and 50 (8.4 Å) does not deviate from that
observed in the crystal structure. As noted above, the distance
between these residues increases significantly during the
“cleft-opening” process in bovine Mc cytb5 (Figure 3C).
Taken together, the data indicate that rat OM cytb5 does
not adopt the cleft-opened conformation.

Relationship between Amino Acid Sequence, Cleft Dynam-
ics, and Structural Stability in Mc and OM Cytochromes b5.
The striking differences observed in the MD simulations of
bovine Mc cytb5 and rat OM cytb5 suggested to us that the
enhanced stability of the rat OM protein and its greater
kinetic barrier to hemin release and reorientation may be
related to its inability to adopt the cleft-opened conformation.
Consequently, we decided to explore the structural properties
that may inhibit opening of the cleft in rat OM cytb5. This
process was initiated by comparing amino acid sequences
of the heme-binding domains of several mammalian Mc
cytochromesb5 with the corresponding sequence of rat OM
cyt b5 (see Figure 1). Subsequent comparison of the X-ray

FIGURE 4: (A) Space-filling stereo representation of the X-ray
structure of bovine Mc cytb5. (B) Space-filling stereo representation
of bovine Mc cytb5 at the end of the MD simulations, i.e., 1000
ps trajectory time in Figure 3A. (C) Space-filling stereo representa-
tion of the structure of rat OM cytb5. In all structures heme is in
red, axial ligands (His-39 and -63) are in yellow, Leu-36 is in
brown, residue 18 is in green, residue 32 is in light blue, and residue
47 is in blue. Internal residues that become exposed upon opening
of the cleft are in gold except for Leu-32, which is light blue.
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crystal structures of the two proteins allowed us to identify
local structural variations resulting from the amino acid
sequence differences that might contribute to their markedly
dissimilar biophysical properties. This analysis led to a
number of interesting observations. For example, residues
Ser-18 and Arg-47 of bovine Mc cytb5 are located in cores
1 and 2, respectively. In the X-ray crystal structure of bovine
Mc cyt b5 (see Figure 4A), the side chains of Ser-18 (green)
and Arg-47 (blue) form a hydrogen bond. Opening of the
cleft described by Daggett et al. (38, 63) is accompanied by
breaking of the hydrogen bond between Ser-18 and Arg-47
and a change in orientation of the Arg-47 side chain, which
exposes portions of the hydrophobic protein interior to the
aqueous environment (Figure 4B). It is noteworthy that Ser-
18 and Arg-47 are invariant in all mammalian cytochromes
b5 whose sequences have been determined to date (Figure
1). In stark contrast, positions 18 and 47 in rat OM cytb5

are occupied by Ala and Leu, respectively. The result of this
difference in protein sequence is replacement of an amino
acid pair which can form a hydrogen bond (blue and green
in Figure 4A) with a pair that can only engage in hydrophobic
interactions. The hydrophobic packing between Ala-18 and
Leu-47 in rat OM cyt b5 can be appreciated from the
stereoview of the crystal structure shown in Figure 4C, where
Ala-18 and Leu-47 are shown in green and blue, respectively.
As discussed below, Ala-18 and Leu-47 of rat OM cytb5

participate in a hydrophobic cluster that is much more
extensive than the corresponding cluster in the bovine Mc
structure.

A second, more subtle difference in sequence between rat
OM and the Mc cytochromesb5 occurs at position 32. In all
Mc cytochromesb5 sequenced to date, residue 32 is Leu (see
Figure 1). Leu-32 in the X-ray crystal structure of bovine
Mc cyt b5 is highlighted in light blue (Figure 4A). In rat
OM cyt b5 this position is occupied by Ile (light blue in
Figure 4C). Leu-32 in bovine Mc cytb5 is one of the residues
which experiences an increase in solvent exposure upon
opening of the cleft observed in the MD simulations (see
Figure 4B). The side chains of Ile and Leu are both
hydrophobic and contain the same number of carbon atoms.
However, their different shapes result in strikingly different
hydrophobic packing arrangements in the vicinity of Leu-
32 in bovine Mc and Ile-32 in rat OM cytb5. For instance,
it is evident from Figure 4C that theγ-methyl group of Ile-
32 (light blue) in rat OM cytb5 engages in hydrophobic
interactions with one of the methyl groups in the side chain
of Leu-36 (brown). Leu-36, in turn, is involved in an
additional hydrophobic interaction with the side chain of Leu-
47 (blue), which is also involved in a hydrophobic interaction
with Ala-18 (green). In comparison, there is no hydrophobic
interaction between Leu-32 and Leu-36 in bovine Mc cyt
b5. In fact, the hydrophobic packing in this region of bovine
Mc cyt b5 (cleft-closed form) is limited to an interaction
between the side chains of Leu-36 and Arg-47 (see Figure
4A).

It is therefore possible to postulate that the extended
hydrophobic cluster comprising the side chains of Ala-18,
Ile-32, Leu-36, and Leu-47 in rat OM cytb5 (see Figure 4C)
contributes to the inability of the rat OM protein to adopt a
cleft-opened conformation as readily as bovine Mc cytb5.
As noted in the previous section, opening of the cleft in
bovine Mc cytb5 results in greater access of water to the

interior of the protein (see Figure 4B). Hence, the inability
of rat OM cytb5 to adopt the cleft-opened conformation may
contribute to its greater stability toward chemical and thermal
denaturation. To probe this possibility, we performed a study
in which the structure of bovine Mc cytb5 was used as a
template for designing mutants of rat OM cytb5. These
mutagenesis studies were carried out with the aim of studying
the roles of residues Ala-18, Leu-47, and Ile-32 in stabilizing
the fold of rat OM cytb5 with respect to the Mc isoforms.
The results of these experiments are described below.

Probing the Relationship between Cleft Dynamics and
Protein Stability.To probe the influence of the hydrophobic
network encompassing residues 18, 32, 36, and 47 on the
stability of rat OM cytb5, we prepared three mutants of the
protein. In one mutant, Ile-32 was replaced by Leu, the
corresponding residue found in all Mc cytochromesb5. An
A18S/L47R double mutant of rat OM cytb5 was prepared
in order to replace the hydrophobic interaction between Ala-
18 and Leu-47 in rat OM cytb5 with the hydrogen-bonding
interaction between Ser-18 and Arg-47 observed in bovine
Mc cyt b5. Finally, we have also prepared the A18S/L47R/
I32L triple mutant of rat OM cytb5, to eliminate the
hydrophobic packing characteristic of the mitochondrial
protein and introduce the structural microenvironment char-
acteristic of the Mc isoforms.

The consequences of altering the hydrophobic micro-
environment of rat OM cytb5 so that it closely resembles
the corresponding microenvironment of the Mc isoforms
were investigated by comparing the stability of the mutant
proteins toward thermal and chemical denaturation. Thermal
denaturation experiments were performed using UV/vis
spectroscopy, monitoring temperature-dependent changes in
absorbance of the Soret band (λmax 412 nm). Analysis of a
plot relating absorbance at 412 nm vs temperature (Figure
5A) provides the midpoint of thermal denaturation (Tm). Tm

values obtained in these experiments (summarized in Table
1) indicate that the stability of the mutant proteins correlates
with the degree of perturbation of the extended hydrophobic
patch under investigation. For instance, in agreement with
the expectation that the I32L mutation should cause the
smallest perturbation of the hydrophobic patch, the midpoint
of thermal denaturation of this mutant is only∼1 °C lower
than that of wild-type rat OM cytb5. Substitution of Ala-18
and Leu-47 for Ser and Arg, respectively, creates a larger
perturbation of the hydrophobic patch by eliminating the
hydrophobic packing between Ala-18, Leu-47, and Leu-36.
In agreement with the anticipated extent of perturbation of
the hydrophobic patch, the midpoint of thermal denaturation
of the A18S/L47R double mutant is 4°C lower than for the
wild-type protein. Introducing the I32L mutation into the
A18S/L47R double mutant, yielding the A18S/L47R/I32L
triple mutant, results in a small additional destabilization
(∼1.5 °C). Hence, the triple mutant is the least stable of the
proteins studied. Consistent with this experimental observa-
tion, the X-ray crystal structure of the A18S/L47R/I32L triple
mutant (discussed below) reveals that the extended hydro-
phobic patch has been eliminated, as predicted. It is important
to point out that the bovine Mc protein is considerably less
stable (see Table 1) than the rat OM triple mutant. Clearly,
additional structural differences between rat OM cytb5 and
the Mc isoforms contribute to the greater stability of the rat
OM protein.
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In work reported in a previous communication we probed
the stability of wild-type rat OM cytb5 toward guanidinium
chloride (GdmCl) mediated denaturation (25). In these
experiments hemin loss was monitored by UV/vis spectros-
copy while protein denaturation was followed by changes
in the fluorescence intensity of Trp-22. The denaturation
curves revealed that hemin loss and protein unfolding each
occur as part of a single cooperative transition. Furthermore,
the denaturation curves obtained by UV/vis or fluorescence
spectroscopy yield identical midpoints of chemical denatur-
ation (Cm). These observations were interpreted to mean that
disruption of the hydrophobic core around Trp-22 (core 2)
and of the hemin-binding domain (core 1) occur simulta-
neously. In other words, protein denaturation is concomitant
with hemin release. To examine whether the mutations
performed for the purposes of this study might have
differentially affected these two processes, we performed
chemical denaturation experiments with the single, double,
and triple mutants described above. The results of these
experiments are summarized in Table 1. A typical set of UV/
vis and fluorescence data obtained for the A18S/L47R/I32L
triple mutant is shown in Figure 5B. It is evident from this
plot and from the midpoint values of chemical denaturation
obtained by UV/vis and fluorescence spectroscopy (Table
1) that the mutations did not uncouple the hemin release and
protein unfolding events. It is also noteworthy that the
relative stability of the mutants, judged by their midpoint of
chemical denaturation, parallels the relative stability observed
by thermal denaturation. Furthermore, both thermal and
chemical denaturation data demonstrate that the triple mutant
of rat OM cytb5 is more stable than the bovine Mc protein.
The results summarized in Table 1 clearly indicate that the
stability of the studied proteins decreases in the following
order: WT rat OM> rat OM I32L > rat OM A18S/L47R
> rat OM A18S/L47R/I32L> bovine Mc cytb5.

Given the fact that the mutant proteins are less stable than
wild-type rat OM cytb5, it was of interest to investigate
whether the apoproteins would follow a similar trend. To
this end, the stabilities of the apo forms of rat OM wild-
type cyt b5 and the corresponding A18S/L47R/I32L triple
mutant were also examined by chemical denaturation. Protein
unfolding in this case was monitored by changes in fluo-
rescence of Trp-22 as a function of GdmCl concentration.
Cm values determined for the wild-type (1.2( 0.2) and triple
mutant (1.1( 0.2) apoproteins are the same within error,
thus indicating that the mutations performed as part of this
study have no measurable effect on stability of the proteins
after hemin has been removed. Since the relative stability
of the apoproteins has not been affected by the mutations,
and because protein unfolding and hemin release are coupled
events, we interpret the results to mean that the decreased
stability of the mutant holoproteins originates from changes
in hemin-polypeptide interactions that facilitate hemin
release. To further investigate this possibility, we turned our
attention to examining the effect of the mutations on hemin
loss (see Table 1). This was accomplished by monitoring
hemin transfer from the mutant proteins to apomyoglobin,
using experiments based on a method previously developed
for measuring hemin release from myoglobin mutants (64,
65). In short, addition of about a 2-fold excess of apomyo-
globin to a solution containing the appropriate OM cytb5

mutant should result in an increase in the absorbance

FIGURE 5: (A) Plots of normalized absorbance at 412 nm (Soret
bandλmax) vs temperature for wild-type rat OM cytb5 (1) and the
I32L (b), A18S/L47R (9), and A18S/L47R/I32L (2) mutants. Data
were acquired in 50 mM potassium phosphate buffer, pH 7.0, and
normalized by setting the intensity of the Soret band of each 20°C
spectrum to 1.0. (B) Data from GdmCl-induced chemical denatur-
ation studies of the A18S/L47R/I32L triple mutant of rat OM cyt
b5. Fractions of folded and unfolded protein were monitored by
UV/vis (2) and fluorescence (b) spectrophotometry. All measure-
ments were performed at 25°C in 50 mM potassium phosphate
solution buffered to pH 7.0. (C) Data from hemin transfer
experiments with bovine Mc cytb5 (b), wild-type rat OM cytb5
(1), and the A18S/L47R (9) and A18S/L47R/I32L (2) mutants.
Although transfer was normally monitored for 10 h, data are only
shown for the first 100 min of each experiment. All data were
recorded in 50 mM sodium phosphate/sodium citrate buffer, pH
5.2, and at 21°C (bovine data were recorded at 25°C).
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corresponding to holomyoglobin, if hemin is being trans-
ferred from holocytb5 to apomyoglobin. Once transfer is
complete, the resultant electronic absorption spectrum should
correspond to that of holomyoglobin.

We have recently reported that wild-type rat OM cytb5

does not transfer hemin to apoMb at pH values between 6.8
and 5.2. In striking contrast, hemin transfer from bovine Mc
cyt b5 to apoMb is complete in 6 h at pH 6.8 and in 1 h at
pH 5.2 (25). The faster rate of hemin transfer observed for
bovine Mc cytb5 at pH 5.2 is related to the fact that, at
lower pH, protonation of the His side chains competes
effectively with coordination of His to iron. As was observed
with the wild-type protein, the I32L (single) and A18S/L47R
(double) mutants are unable to transfer hemin to apoMb at
pH ) 6.8 (data not shown), and hemin transfer from the
A18S/L47R/I32L triple mutant is exceedingly slow. At pH
) 5.2, however, hemin transfer is observed for the A18S/
L47R (double) and A18S/L47R/I32L (triple) mutants (see
Figure 5C). Rate constants for hemin release, summarized
in Table 1, reveal that the less stable of these two proteins
(the A18S/L47R/I32L triple mutant) releases hemin more
rapidly. Transfer of hemin from the triple mutant to apoMb
is complete within about 8 h. Nonetheless, hemin transfer
from both mutants is still considerably slower than measured
for bovine Mc cytb5 at the same pH (25). The I32L single
mutant, like the wild-type protein, does not release hemin
at a measurable rate at pH 5.2. In fact, the electronic
absorption spectra of these two proteins remain unchanged
even after 10 h of incubation with apomyoglobin. This
finding is consistent with the similar stabilities of the wild-
type and I32L proteins discussed above. In summary, the
results obtained from the hemin transfer experiments support
our prediction that the relative stabilities of WT rat OM cyt
b5, the three mutants described herein, and bovine Mc cyt
b5 are related to their relative propensities to lose hemin.

X-ray Crystallography.An X-ray crystal structure (2.0 Å
resolution) was obtained for the water-soluble domain (core
1 and core 2) of the rat OM cytb5 A18S/L47R/I32L triple
mutant in order to obtain structural information regarding
the microenvironment defined by residues Ser-18, Leu-32,
and Arg-47. The crystal grew from a solution containing
poly(ethylene glycol) as the precipitant, utilizing conditions
similar to those employed to grow other crystal forms of rat
OM and mutant cytochromesb5 (26, 29, 30). The structure
has been refined to anR-factor of 20.0%, with anRfree of
26.0%. The statistics of the diffraction data and refinement
results are summarized in Table 2. There are four cytb5

molecules per crystallographic asymmetric unit cell. The root
mean square (rms) deviations between the CR atoms (residues
4-84) of each possible pair of protein molecules in the

asymmetric unit cell range between 0.34 and 0.41 Å, thus
indicating that the structures of the four independent protein
molecules in the unit cell (A, B, C, and D) are essentially
identical. The conformations of the amino termini of
molecules A and B are well defined in the electron density
map, while the first three residues in molecules C and D are
mobile, since their crystal packing environments are different.
The four protein molecules in an asymmetric unit cell can
be arranged into a 2-fold symmetric tetramer. Two nonsym-
metric dimers, AB and CD, are related by a local 2-fold
rotation axis which is approximately parallel to thea-b plane
of the crystal lattice and 42° from the a axis. The two
monomers in a nonsymmetric dimer are related by a 133°
rotation plus a 21 Å translation along the rotation axis. The
rms deviation between the CR atoms (residues 4-84) of the
two dimers, AB and CD, is 0.59 Å, suggesting well-defined
interactions between the two monomers. None of the three
mutated residues is directly involved in the dimer interface
or other crystal packing. The above-mentioned tetramers are
packed through another local 2-fold symmetry, which is
composed by a 180° rotation plus a 4 Å translation, in
addition to crystallographic symmetries. Approximately 250
solvent molecules were modeled in the refined crystal
structure, roughly about 0.7 solvent molecule per amino acid
residue. Three of them were modeled as magnesium cations,
which is present in the crystallization buffer.

Table 1: Thermal Denaturation, Chemical Denaturation, and Hemin Transfer Dataa

Cm (M) k-H (h-1)

protein Tm (°C) fluor UV/vis pH 6.8b pH 5.2b

rat OM 87.0( 0.4 4.09( 0.05c 4.03( 0.02c d d
rat OM I32L 85.7( 0.1 3.93( 0.02 3.91( 0.01 d d
rat OM A18S/L47R 83.3( 0.5 3.56( 0.03 3.52( 0.02 d 0.03( 0.01
rat OM A18S/I32L/L47R 81.8( 0.9 3.34( 0.02 3.33( 0.02 <0.01 0.10( 0.03
bovine Mc 73.1( 0.4e,f 2.99( 0.1e,g 3.05( 0.1e,g 0.52h 3.1h

a All data were recorded in 50 mM potassium phosphate buffer at pH 7.0, unless otherwise noted.b 50 mM sodium citrate/sodium phosphate
buffer. c These correct our previously reported values (25). d Too slow to measure.e Residues-4 to 100, using the numbering scheme in Figure 1.
f 5 mM MOPS buffer (72). g 30 mM MOPS buffer (73). h Tryptic fragment, corresponding to residues 3-84 in Figure 1 (25).

Table 2: Data Collection and Refinement Statistics

(a) data statistics
space group P212121

unit cell (Å) a ) 39.9
b ) 51.3
c ) 167.4

resolution (Å) 23.0-2.0
Rmerge(%) 0.08 (0.53)a

no. of reflections 23878 (2324)
completeness (%) 98.6 (98.9)

(b) refinement statistics
Rworking (%) 19.6 (for 20529 reflections)b

Rfree (%) 24.0 (for 1494 reflections)b

no. of non-hydrogen atoms
protein (including heme) 2941
solvent 162

rms deviation from ideal values
bond length (Å) 0.014
bond angle (deg) 1.60

averageB-factor (Å2)
protein 31.0
solvent 35.7

a Numbers in parentheses are the corresponding numbers for the
highest resolution shell (2.1-2.0 Å). The highest resolution shell with
Rmergebelow 20% is that corresponding to 2.5-2.4 Å. b Reflections with
|Fo| > 0.0.
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The overall fold of the A18S/L47R/I32L triple mutant is
indistinguishable from that of wild-type rat OM cytb5. All
three mutated residues (18, 32, and 47) display good electron
density, which structurally confirms the mutations. Among
the mutated residues, the atoms in Leu-32 have lower than
averageB-factors in all four molecules. It is important to
note that Leu-32 and Ser-18 in the triple mutant crystal
structure adopt orientations essentially identical to those of
Ser-18 and Leu-32 in bovine Mc cytb5. The side chain of
Arg-47 in the triple mutant (blue in Figure 6), on the other
hand, adopts a different orientation in the rat OM triple
mutant. In bovine Mc cytb5, one NH2 group on the
guanidinyl side chain of Arg-47 forms a salt bridge with the
carboxylate side chain of Glu-43. The other NH2 group is
situated close to the side chain hydroxyl group of Ser-18. In
contrast, the guanidinyl group of Arg-47 in the triple mutant
engages in salt bridge interactions with the side chain
carboxylate groups of Glu-43 and Glu-44 (conserved in all
mammalian cytochromesb5; magenta in Figure 6). This
difference in orientation, resulting from changes in the side
chain ø2, ø3, andø4 torsional angles, no doubt reflects the
inherent flexibility of the Arg side chain, coupled with its
location on the protein surface. Note that the conformation
of Arg-47 in the structure of the rat OM triple mutant reveals
the presence of a deep cavity (Figure 6). The cavity exposes
several internal residues (shown in gold), including Leu-32
(light blue), and a part of the heme (red) to the aqueous
environment. Changing the conformation of the Arg-47 side
chain in the structure of bovine Mc cytb5 so as to match
that observed in the structure of the rat OM triple mutant
reveals an essentially identical cavity. It is likely that the
side chain of Arg-47 samples these two, and possibly other
conformations in solution, hence periodically exposing the
protein interior to the aqueous environment. Several of the
residues experiencing increased solvent exposure when Arg-
47 forms a salt bridge with Glu-43 and Glu-44 were also
exposed when bovine Mc cytb5 switched from the cleft-
closed to the cleft-opened form during MD simulations
(compare Figures 4B and 6).

As discussed in the preceding paragraph, the side chain
of Arg-47 can form a hydrogen-bonding interaction with Ser-
18 or salt bridge interactions with Glu-43 and Glu-44. In
this context, it is illustrative to analyze the microenvironment

of residue 47 in rat OM cytb5. In the mitochondrial isoform
position 47 is occupied by Leu, shown in blue in Figure 4C.
Contrary to Arg-47 in the triple mutant protein, Leu-47 in
rat OM cytb5 engages in hydrophobic interactions with Ala-
18 (green in Figure 4C) and Leu-36 (brown). Leu-36 forms
additional hydrophobic interactions with theR-methyl of Ile-
32 (light blue), hence forming an extended hydrophobic patch
that is absent in bovine Mc cytb5, and in the A18S/L47R/
I32L triple mutant of rat OM cytb5. If Leu-47 were to adopt
an alternate side chain conformation, it would lose its
hydrophobic interactions with Ala-18 and Leu-36. In contrast
to Arg-47 in the bovine protein, these lost interactions would
not be compensated by stabilizing interactions with other
nearby side chains. We therefore postulate that the side chain
of Leu-47 is much less likely than Arg to frequently sample
additional conformations in solution. As a result, the
hydrophobic interactions between the side chains of Leu-
47, Ala-18, and Leu-36 on the surface of the protein prevent
the formation of a cavity that exposes internal residues to
the aqueous environment. Consequently, it is possible to
conclude that the loss of favorable hydrophobic interactions
upon replacing Ala-18 and Leu-47 in the rat OM protein
with Ser and Arg contributes significantly to the reduced
stability and higher rate of hemin release exhibited by the
A18S/L47R double mutant. Loss of additional hydrophobic
interactions following change of Ile-32 for Leu contributes
to even greater destabilization of the A18S/L47R/I32L triple
mutant.

The Issue of Heme Isomerism.Wild-type rat OM cytb5 is
heterogeneous as a result of heme being bound in two
orientations related to each other by a 180° rotation about
the porphyrinR-γ-meso axis (23, 66) (see Figure 7). This
is a well-known property of cytochromesb5 and other
hemoproteins where the heme center is not covalently
attached to the polypeptide (67-69). The two orientations
are denoted as A and B, where A is the predominant form
in bovine Mc cyt b5. The ratio of hemin orientations at
equilibrium (A:B) differs widely among cytochromesb5; for
instance, it is 9:1 in bovine Mc, 20:1 in chicken Mc, 1.6:1
in rat Mc, and 1:1 in rat OM cytb5 (23, 32, 68-71). When
apocytochromesb5 are reconstituted with hemin, the resultant
holoproteins are 1:1 mixtures of isomers A and B. As time
proceeds, however, the ratio of isomer A to isomer B in all

FIGURE 6: Stereoview obtained from the crystal structure coordinates of the A18S/L47R/I32L triple mutant of rat OM cytb5. Heme is in
red, Arg-47 is in blue, Ser-18 is in green, Leu-32 is in light blue, and Leu-36 is in brown. This view of the structure demonstrates that the
extended hydrophobic cluster created by Ala-18, Ile-32, Leu-36, and Leu-47 is absent in the structure of the triple mutant. The end result
is enhanced exposure of internal residues to the aqueous environment.
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Mc cytochromes increases until the equilibrium mixture has
been attained. For example, isomer B in bovine Mc cytb5

is transformed into isomer A with a half-life of 13 h at pH
7.0 and 24°C (32). In contrast, we recently reported that
hemin in rat OM cytb5 is kinetically trapped at physiologi-
cally relevant temperatures (∼37 °C) (25). In the same report
we demonstrated that if rat OM cytb5 is heated to 65°C for
approximately 7 h, isomer A is converted into isomer B,
resulting in an equilibrium mixture A:B) 1:1.2 (25). This
finding provided the first example of a cytochromeb5 where
isomer B is thermodynamically favored.

The A18S/L47R/I32L triple mutant of rat OM cytb5 was
prepared in order to test our hypothesis that residues Ala-
18, Ile-32, Leu-36, and Leu-47 participate in an extended
network of hydrophobic interactions that prevent the rat OM
protein from adopting the cleft-opened conformation. The
amino acids selected to replace Ala-18, Ile-32, and Leu-47
in rat OM cyt b5 (Leu-36 is conserved in Mc and OM
isoforms) were those found in the corresponding positions
in the Mc cytochromesb5 (see Figure 1). It was reasoned
that introducing Ser-18, Leu-32, and Arg-47 into rat OM

cyt b5 would facilitate opening of the cleft, thereby endowing
the A18S/L47R/I32L triple mutant of rat OM cytb5 with
some of the characteristics typical of Mc cytochromesb5.
Consistent with this prediction, disruption of the hydrophobic
network decreased the stability of the rat OM protein and
increased the rate of hemin loss. It was therefore of interest
to probe whether disrupting the hydrophobic packing in rat
OM cyt b5 would also exert an influence on the phenomenon
of hemin orientational isomerism. This issue was addressed
with the aid of 1H NMR spectroscopy, and the findings
obtained from these experiments are discussed below.

The high-frequency region of the A18S/L47R/I32L triple
mutant NMR spectrum is shown in Figure 7, top trace. This
spectrum is almost identical to the spectrum obtained from
wild-type rat OM cytb5 (23, 25, 66), hence making hemin
resonance assignments straightforward. The1H NMR spec-
trum of the A18S/L47R/I32L triple mutant was obtained after
the protein was purified and exchanged into deuterated
phosphate buffer. The hemin isomer ratio was evaluated by
comparing the area under the peaks corresponding to heme
methyl groups in the A and B isomers; the ratio was found
to be A:B) 1:1. The1H NMR spectrum obtained after the
A18S/L47R/I32L triple mutant had been incubated at 65°C
for 6 h, however, indicates that hemin orientational isomer
ratio A:B ) 1:4 has been achieved (Figure 7, bottom trace).
No further changes are observed with longer heating,
indicating that equilibrium has been reached. As noted above,
the equilibrium A:B ratio observed for wild-type rat OM cyt
b5 after incubation at 65°C for 7 h issignificantly smaller
(∼1:1.2). Hence, the structural changes introduced into the
triple mutant have resulted in greater energetic stabilization
of isomer B.

Insight into the factors reponsible for this change in
equilibrium isomer ratio came from the following observa-
tions: (1) the equilibrium A:B ratio observed for the A18S/
L47R double mutant after incubation at 65°C is identical
to that observed for the wild-type protein (A:B) 1:1.2),
and (2) the equilibrium ratio obtained for the I32L single
mutant is the same as that observed for the A18S/L47R/
I32L triple mutant (A:B) 1:4). These observations strongly
suggest that residue 32 plays a key role in controlling the
relative stability of isomers A and B in rat OM cytb5. This
hypothesis is supported by side-by-side comparisons of the
X-ray crystal structures of bovine Mc cytb5, wild-type rat
OM cyt b5, and the rat OM A18S/L47R/I32L triple mutant.
However, residue 32 is only one of several nearby residues
that act synergistically to dictate the relative stabilities of
the hemin isomers. It is important to point out that the
structure of the A18S/L47R/I32L triple mutant was obtained
from a crystal grown from protein exhibiting a hemin isomer
ratio A:B ) 1:4 (see Experimental Procedures). Conse-
quently, the hemin orientation in the X-ray crystal structure
of the triple mutant (Figure 8A) corresponds to isomer B.
In contrast, the heme active site in the structures of wild-
type rat OM cytb5 (Figure 8B) and bovine Mc cyt b5 (Figure
8C) corresponds to isomer A. The structure of the A18S/
L47R/I32L triple mutant revealed that the side chain of Leu-
32 (blue in Figure 8A) is located at the bottom of the heme-
binding pocket, adopting an orientation essentially the same
as that observed for Leu-32 in bovine Mc cytb5. The two
δ-CH3 groups on the isobutyl side chain are directed toward

FIGURE 7: 1H NMR spectra obtained from samples containing the
A18S/L47R/I32L triple mutant of rat OM cytb5 after purification
and exchange into deuterated buffer (top) and after incubation of
the sample at 65°C for 7 h (bottom).
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the heme, coming within 3.9 and 4.2 Å of the heme methyl
group (B3Me). In comparison, Ile-32 in the structure of wild-
type rat OM cytb5 (blue in Figure 8B) adopts a side chain
geometry which directs the loneδ-CH3 group away from
the heme. The side chain geometries of Ile-32 in wild-type
rat OM cyt b5 and of Leu-32 in the triple mutant are
compared in Figure 9. The end result of the Ile-32 to Leu-

32 mutation is a decrease in space at the bottom of the heme-
binding pocket.

Position 71 in the mammalian Mc cytochromesb5 is
invariably occupied by Ser (see Figure 1), which has a small,
polar side chain. In rat OM cytb5 residue 71 is a bulky,
hydrophobic Leu. In the crystal structure of the rat OM cyt
b5 triple mutant, one of theδ-CH3 groups of Leu-71 (light
blue in Figure 8A) is positioned 3.7 Å from the same heme
methyl group that is in contact with Leu-32 (B3Me). Hence,
the larger size of Leu further restricts the space available to
a heme substituent at this position. As a result, we predict
that a vinyl group at this position (position 2 in isomer A;
see Figure 7) will encounter energetically unfavorable steric
interactions with the side chains of Leu-32 and Leu-71. These
interactions should destabilize isomer A relative to isomer
B in the triple mutant relative to the wild-type protein, a
conclusion that is in good agreement with the A:B) 1:4
ratio measured by NMR spectroscopy. An identical steric
microenvironment should exist in the I32L single mutant,
consistent with the observation that it also exhibits an A:B
ratio of 1:4.

In contrast, the X-ray crystal structure of wild-type rat OM
cyt b5 (Figure 8B) reveals that the side chain geometry of
Ile-32 (blue) provides sufficient space at the bottom of the
heme pocket to accommodate a methyl group (isomer B) or
a vinyl group (isomer A), even in the presence of Leu-71
(light blue). These observations suggest that the stability of
isomers A and B in wild-type rat OM cytb5 should be
approximately the same, a conclusion that is also in good
agreement with the 1:1.2 (A:B) ratio observed by NMR
spectroscopy. The local environment in the A18S/L47R
double mutant should be very similar, which is also
consistent with the observation that the wild-type and double
mutant proteins exhibit identical hemin isomer ratios.

The structures of wild-type rat OM cytb5 and of the A18S/
L47R/I32L triple mutant, together with results obtained from
1H NMR spectroscopic measurements, allowed us to con-
clude that heme-polypeptide interactions near residue 32
play a crucial role in stabilizing isomer B relative to isomer
A in the single and triple mutants. It is therefore interesting
to probe whether similar interactions are responsible for
stabilizing isomer A relative to isomer B in the Mc
cytochromesb5. Inspection of the bovine Mc cytb5 structure
(Figure 8C) revealed that the nature of residue 71 is likely
to play a key role in stabilizing isomer A in Mc cytochromes
b5. As noted above, all mammalian Mc isoforms have Ser
at position 71, whereas this position is occupied by Leu in

FIGURE 8: Stereoviews highlighting structural details in the region
near heme methyl group 3 in the B isomer (B3Me), a position that
is occupied by heme vinyl 2 in the A isomer (A2V). Structures
corresponding to the two heme isomers obtained by rotating the
heme molecule about theR-γ-meso axis are shown in Figure 7.
In all stereoviews, the heme is in red, the axial ligands (His-39
and His-63) are in yellow, and Phe-35 is in black with line
rendering. (A) A18S/L47R/I32L mutant of rat OM cytb5. Leu-32
is in blue, Leu-71 is in light blue, Met-23 is in green, and Met-70
is in magenta. (B) Wild-type rat OM cytb5. Ile-32 is in blue, Leu-
71 is in light blue, Met-23 is in green, and Met-70 is in magenta.
(C) Bovine Mc cytb5. Leu-32 is in blue, Ser-71 is in light blue,
Leu-23 is in green, and Leu-70 is in magenta.

FIGURE 9: Stereoview highlighting differences in geometry of the
side chains of Ile-32 (magenta) in wild-type rat OM cytb5 and
Leu-32 (green) in the A18S/L47R/I32L triple mutant.
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rat OM cytb5 (see Figure 1). It is evident from the structure
of bovine Mc cytb5 (Figure 8C) that the side chain of Ser-
71 (light blue) leaves ample room for accommodating a vinyl
group (isomer A) at the bottom of the heme pocket, where
it undergoes favorable hydrophobic interactions with Leu-
32 (blue). In addition, the heme methyl group (A1Me) also
interacts favorably with the methyl groups in the side chain
of Leu-70 (magenta). However, if a vinyl group (isomer B)
were to occupy this position, it is likely that unfavorable
close contacts would develop between the vinyl group and
the side chain of Leu-70. Consequently, it appears that an
interplay between the spatial location of the side chains of
Leu-70 and Ser-71 contributes to isomer A being thermo-
dynamically favored in mammalian Mc cytochromesb5.

Finally, we turned our attention to investigate whether the
perturbation of the hydrophobic patch comprising residues
Ala-18, Leu-32, Leu-36, and Arg-47 influenced the rate of
hemin reorientation. To this end, we followed the time-
dependent changes in the1H NMR spectra of wild-type rat
OM cyt b5 and of the three mutants prepared for this work,
at pH ) 7.0 and 45°C. The results of these experiments,
summarized in Figure 10, indicate that under the experi-
mental conditions hemin in wild-type OM cytb5 and in the
A18S/L47R double mutant is still kinetically trapped at
physiologically relevant temperatures. We arrive at this
conclusion based on the observation that, at 45°C, the ratio
of hemin orientational isomers (1:1) is time independent,
despite the fact that the equilibrium constantKeq ) [B]/[A]
observed for both proteins is 1.2 at 65°C. In contrast, it is
possible to observe the time-dependent conversion of isomer
A into isomer B at pH 7.0 and 45°C for the I32L and A18S/
L47R/I32L mutants. It can be seen from Figure 10 that, in
the case of the A18S/L47R/I32L triple mutant, the equilib-

rium ratio of orientational isomers (Keq ) k1/ k-1 ) 4) is
achieved in approximately 60 h. For the I32L single mutant,
equilibration at 45°C requires significantly longer incubation
times.

When the data obtained for the triple mutant are analyzed
in terms of the reversible first-order reaction described by
eq 1 (see Experimental Procedures), a value of 0.05 h-1 is
obtained fork1. Consequently, isomer A in the A18S/L47R/
I32L triple mutant exchanges into isomer B with a half-life
of 13.5 h at pH 7.0 and 45°C, whereas hemin in wild-type
OM cyt b5 is kinetically trapped under identical conditions.
These findings suggest that the rates of hemin reorientation
are related to the integrity of the hydrophobic patch that is
unique to rat OM cytb5. When this patch in the mitochondrial
protein is completely disrupted (i.e., in the triple mutant)
hemin is no longer kinetically trapped at 45°C. Nevertheless,
the rate of hemin reorientation measured for the triple mutant
at this temperature indicates that hemin reorientation is still
significantly slower than that observed for bovine Mc cyt
b5, which exhibits a half-life of 13 h at 25°C for the
conversion of isomer B into isomer A (32). These observa-
tions, therefore, are in agreement with the trend observed
using the various experimental measures of protein stability
described herein to evaluate the effect of disrupting the
hydrophobic microenvironment in rat OM cytb5. These
findings indicated that although complete disruption of the
hydrophobic microenvironment has been accomplished by
preparing the A18S/L47R/I32L triple mutant, the properties
of the latter have moved in the direction of, but are still
different from, those of bovine Mc cytb5.
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