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ABSTRACT: As part of a larger effort to engineer the stability and hemin-binding properties of microsomal
(Mc) cytochromesb5 into rat liver outer mitochondrial membrane (OM) cytochrome (cyt)b5, several
mutants of rat OM cytb5 were prepared to study the effect of gradual and complete elimination of two
extended hydrophobic networks, which are present in the structure of the mitochondrial protein and are
absent in the structure of mammalian Mc cytochromesb5. One of the hydrophobic networks, identified
in a previous study [Altuve, A., Silchenko, S., Lee, K.-H., Kuczera, K., Terzyan, S., Zhang, X., Benson,
D. R., and Rivera, M. (2001)Biochemistry 40, 9469-9483], encompasses the side chains of Ala-18,
Ile-32, Leu-36, and Leu-47, whereas a second hydrophobic network, identified as part of this work,
encompasses the side chains of Ile-25, Phe-58, Leu-71, and the heme. The X-ray structure of the A18S/
I25L/I32L/L47R/L71S quintuple mutant of rat OM cytb5 demonstrates that both hydrophobic networks
have been eliminated and that the corresponding structural elements of the Mc isoform have been intro-
duced. The stability of the rat OM mutant proteins studied was found to decrease in the order wild
type > I25L > A18S/I32L/L47R> L71S > A18S/I32L/L47R/L71S> 18S/I25L/I32L/L47R/L71S, in-
dicating that the two hydrophobic networks do indeed contribute to the high stability of rat OM cytb5

relative to the bovine Mc isoform. Surprisingly, the quintuple mutant of rat OM cytb5 is less stable than
bovine Mc cytb5, even though the former exhibits significantly slower rates of hemin release and hemin
reorientation at pH 7.0. However, at pH 5.0 the bovine Mc and rat OM quintuple mutant proteins release
hemin at comparable rates, suggesting that one or both of the His axial ligands in the rat OM protein are
more resistant to protonation under physiological conditions. Results obtained from chemical denaturation
experiments conducted with the apoproteins demonstrated that mutants containing L71S are significantly
less stable than bovine Mc apocytb5, strongly suggesting that Leu-71 plays a pivotal role in the stabilization
of rat OM apocytb5, presumably via hydrophobic interactions with Ile-25 and Phe-58. Because comparable
interactions are absent in bovine Mc apocytb5, which contains Ser at position 71, it must resort to different
interactions to stabilize its fold, thus highlighting yet another difference between rat OM and bovine Mc
cyt b5. During the course of these investigations we also discovered that rat OM cytb5 can be made to
strongly favor hemin orientational isomer A (I32L) or isomer B (L71S) with a single point mutation and
that release of hemin orientational isomers A and B can be kinetically resolved in certain rat OM mutants.

Two isoforms of cytochromeb5 (cyt b5)1 have been
identified in mammalian liver (1, 2). One is tail-anchored to
the membrane of the endoplasmic reticulum (microsomal,
or Mc cyt b5), and the other is tail-anchored to the outer

membrane of mitochondria (OM cytb5). Although rat OM
cyt b5 was originally identified nearly 30 years ago (3),
nothing was known of its biophysical properties until a gene
for the heme-binding domain was synthesized by Rivera et
al. in 1992 (4). The sequence of this 92-residue recombinant
protein is shown in Figure 1, aligned with the sequence of
the tryptic fragment of bovine Mc cytb5 (6, 7) and the
corresponding sequences of other mammalian Mc cyto-
chromesb5 for which genes have been cloned (6, 8-12).
The numbering in Figure 1, which we employ throughout
this paper, is based on the scheme initially introduced by
Mathews for the lipase fragment of bovine Mc cytb5 (5).
The full-length Mc proteins share 84-97% sequence identity
and 93-98% sequence similarity, whereas the full-length
bovine Mc and rat OM isoforms share only 49% sequence
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identity and 68% sequence similarity (13). The X-ray crystal
structures of the bovine Mc (14) and rat OM (15) proteins,
however, demonstrate that the two isoforms share essentially
identical folds. It is therefore striking that the reduction
potential of the rat OM isoform (16-18) is approximately
100 mV more negative than the reduction potentials of the
microsomal proteins (19-22). More recently, we have also
shown that rat OM cytb5 exhibits considerably greater
stability toward thermal and chemical denaturation than
bovine Mc cytb5 and that the hemin-binding properties of
rat OM cyt b5 differ considerably from those of the Mc
isoforms as well (13, 23). For example, bovine Mc cytb5

releases hemin to apomyoglobin (apoMb) in aqueous solution
at pH 7.0 (24), whereas rat OM cytb5 does not release hemin
to apoMb at pH values as low as 5.2 (13, 23). Furthermore,
cytochromesb5 are heterogeneous because the cofactor is
bound in two different orientations, related to one another
by a 180° rotation about the hemeR,γ-meso axis (25). In
all Mc isoforms where the isomers have been differentiated
by 1H NMR spectroscopy, the same isomer (referred to as
isomer A) is found to predominate at equilibrium, but the
ratio of major (A) and minor (B) isomers varies: 20:1 (A:
B) in chicken (26), ∼9:1 (A:B) in rabbit (25) and bovine
(27), and 1.6:1 (A:B) in rat Mc cytb5 (26). It is also known
that in vitro reconstitution of the apoprotein with hemin
initially results in the formation of a 1:1 ratio of A and B
isomers. However, at room temperature these isomers
undergo time-dependent changes in relative concentration
until equilibrium is achieved (t1/2 ∼ 12 h for bovine Mc cyt
b5 at 24°C) (20, 27). In contrast, rat OM cytb5 is isolated
as a 1:1 mixture of hemin isomers (4) and remains thus even
after prolonged incubation at 45°C (13). Only after heating
the protein at 65°C for several hours does the hemin isomer
ratio change, finally reaching equilibrium when A:B) 1:1.2
(23). Rat OM cyt b5 thus represents the first documented
example of a cytb5 exhibiting a thermodynamic preference
for hemin isomer B and in which hemin is kinetically trapped
under physiologically relevant conditions (13, 23).

By comparing the crystal structures and sequences of rat
OM and bovine Mc cytb5, we identified an extended
hydrophobic patch in the rat OM protein that is absent in
the bovine Mc isoform (13). This patch involves the side

chains of Ala-18, Ile-32, Leu-36, and Leu-47. Ala-18 and
Leu-47 engage in hydrophobic interactions at the protein
surface; the side chain of Leu-47 forms an additional
hydrophobic interaction with Leu-36 and also makes van der
Waals contact with the side chain of Ile-32. By comparison,
Ser-18 and Arg-47 in bovine Mc cytb5 (conserved among
mammalian Mc cytochromesb5; see Figure 1) form a
hydrogen-bonding interaction at the protein surface, and
although there is hydrophobic contact between the side chains
of Arg-47 and Leu-36 in the Mc protein, no interactions are
observed between the side chains of Leu-36 and Leu-32 (13).
Experiments with the I32L, A18S/L47R, and A18S/I32L/
L47R mutants of rat OM cytb5 indicated that protein stability
diminished as the hydrophobic patch was disrupted (13).
Complete disruption of the patch, which was verified in a
2.0 Å crystal structure of the A18S/I32L/L47R mutant (PDB
code: 1ICC), also facilitated hemin reorientation and hemin
release. Nonetheless, hemin is still kinetically trapped in the
A18S/I32L/L47R triple mutant under physiological condi-
tions, and the protein remains considerably more stable
toward thermal and chemical denaturation than the bovine
Mc isoform. In addition, NMR studies carried out with these
mutants revealed that replacing Ile-32 with Leu alters the
thermodynamic equilibrium of hemin orientational isomers,
which changes from 1:1.2 (A:B) in wild-type OM cytb5 to
1:4.0 (A:B) in the I32L and A18S/I32L/L47R mutants (13).

Subsequent comparisons of amino acid sequences and
X-ray crystal structures allowed us to identify Leu-71 and
Ile-25 as two additional residues which might contribute to
the unusual properties of rat OM cytb5 relative to the Mc
isoforms. The corresponding residues in bovine Mc cyt b5

are Ser-71 and Leu-25, which are conserved among mam-
malian Mc cytochromesb5 (Figure 1). The side chains of
Leu-71 and Ile-25 in rat OM cytb5 make van der Waals
contact with one another as well as with heme, suggesting
the presence of a second hydrophobic network in the rat OM
protein which might contribute to stabilizing it relative to
the Mc isoforms. Consequently, replacing Leu-71 and Ile-
25 in rat OM cytb5 with the corresponding residues in Mc
cyt b5 was expected to exert a significant influence on the
stability and hemin-binding properties of the protein. In fact,
we find that the A18S/I32L/L47R/I25L/L71S mutant of rat

FIGURE 1: Amino acid sequence alignments of the recombinant heme-binding domain of rat OM cytb5, the tryptic fragment of bovine Mc
cyt b5, and the corresponding sequences of other mammalian Mc cytochromesb5 for which genes have been cloned. Residues are numbered
according to the scheme originally introduced by Mathews (5). Heme iron ligands His-39 and His-63 are shown in bold. Rat OM residues
mutated as part of this work are highlighted with a black background. Residue-5 in the recombinant rat OM protein is Asp instead of Asn
due to an error in the originally reported protein sequence (2).
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OM cyt b5, in which both hydrophobic networks unique to
the wild-type protein have been disrupted, is less stable
toward chemical denaturation than wild-type bovine Mc cyt
b5. However, at pH 7.0 the quintuple mutant exhibits rates
of hemin reorientation and hemin release that are significantly
lower than those measured for bovine Mc cytb5.

EXPERIMENTAL PROCEDURES

General.Recombinant rat liver OM cytb5, bovine Mc cyt
b5, and the site-directed mutants studied in this work were
expressed inEscherichia coliBL21(DE3) and purified as
described previously (4). Single-stranded oligonucleotides
were synthesized by the Recombinant DNA/Protein Facility
at Oklahoma State University.

Site-Directed Mutagenesis.The recombinant pET11a
plasmid and the QuikChange site-directed mutagenesis kit
(Stratagene) were used to construct all of the rat OM cytb5

mutants. The A18S/I32L/L47R/L71S quadruple mutant was
constructed from the recombinant pET11a plasmid harboring
the gene coding for the A18S/I32L/L47R triple mutant (13).
The sequences corresponding to the mutagenic primers
designed to introduce the L71S mutation are 5′-CCGGAT-
GCGCGTGAAATGTCTAAACAGTACTACATCGGCG-
3′ and 5′-CGCCGATGTAGTACTGTTTAGACATTTCAC-
GCGCATCCGG-3′. The underlined codons represent mis-
matches introduced to generate the mutations. These same
primers and the recombinant pET11a plasmid harboring the
gene coding for wild-type rat OM cytb5 (4) were used to
construct the L71S single point mutant. The A18S/I25L/I32L/
L47R/L71S quintuple mutant was constructed from the
recombinant pET11a plasmid harboring the gene coding for
the A18S/I32L/L47R/L71S quadruple mutant. The sequences
corresponding to the mutagenic primers designed to introduce
the I25L mutation are 5′-GAAGAAACCTGGATGGTTCT-
GCATGGCCGTGTTTACG-3′ and 5′-CGTAAACACGGC-
CATGCAGAACCATCCAGGTTTCTTC-3′. The I25L mu-
tant was constructed with these primers and the pET11a
plasmid containing the WT rat OM cytb5 gene. The
recombinant constructs were transformed intoE. coli XL1
blue competent cells for amplification. Once the mutations
had been confirmed by sequencing, the recombinant plasmids
were transformed intoE. coli BL21(DE3) cells for subse-
quent protein expression, which was carried out according
to a previously described protocol (4).

Subcloning BoVine Mc Cytochrome b5 into the pET11a
Vector.The recombinant pUC19 plasmid, harboring the gene
coding for the tryptic fragment of bovine Mc cytb5 (28), is
a generous gift from Dr. Grant Mauk. The Mc cytb5 gene,
including the ribosome-binding site (RBS), was excised by
treatment withNdeI, followed by Mung bean nuclease to
produce a blunt end, and subsequently restricted withXbaI.
The pET11a vector was restricted withEcoRI, followed by
treatment with Mung bean nuclease, and then digested with
XbaI. The excised gene and the linearized plasmid were
purified by agarose gel electrophoresis and extracted from
the agarose gel with the aid of the Wizard PCR Preps DNA
purification system (Promega), ligated with T4 DNA ligase,
and the recombinant plasmid was transformed intoE. coli
XL1 blue cells for amplification and sequencing. Once the
sequence of the gene had been established, the recombinant
pET11a plasmids were transformed intoE. coli BL21(DE3)

cells for subsequent protein expression. Bovine Mc cytb5

was expressed and purified using a protocol previously
described for the expression and purification of rat OM cyt
b5 (4).

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).
All NMR samples had a volume of 0.8 mL and a protein
concentration of∼3 mM. Spectra were acquired with water
presaturation, 256 scans over a 30 kHz spectral width, 0.4 s
acquisition time, and 1.0 s relaxation delay. Rate constants
for hemin isomer interconversion were obtained by monitor-
ing the time-dependent changes in the areas under the hemin
resonances corresponding to isomers A and B as described
previously (20, 29). The equilibrium constant was obtained
from the NMR spectrum when the hemin interconversion
reaction reached equilibrium.

Thermal Denaturation Studies.Thermal denaturation
experiments were performed on a Varian Carey 100 Bio UV/
visible spectrophotometer outfitted with a Peltier-thermo-
stated cell holder. Temperature was monitored within the
cell using a dedicated temperature probe accessory ((0.1
°C). Sample concentrations ranged from 3 to 5µM in 50
mM potassium phosphate, buffered to pH 7.0. The temper-
ature was increased in increments of 2°C, and samples were
equilibrated for 5 min after reaching each desired tempera-
ture. The midpoint of thermal denaturation (Tm) was deter-
mined 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) or guanidinium thiocy-
anate (GdmSCN; Sigma) were prepared in 30 mM MOPS,
buffered to pH 7.0. To eliminate potential errors due to
weighing of the hygroscopic denaturants, stock solution
concentrations were verified from measurements of the
solution refractive index. Titrations monitored by electronic
absorption spectroscopy were performed on the instrument
described above with protein concentrations of 3-4 µM,
following the change in absorbance at the Soret bandλmax.
Fluorescence measurements were performed on a PTI
QuantaMaster luminescence spectrometer with protein con-
centrations of 0.5-1 µM by monitoring fluorescence inten-
sity at 340 nm after excitation at 280 nm. All solutions were
incubated at 25°C for 1 h before spectra were recorded at
the same temperature. Denaturation curves were fit to eq 1
using the program Kaleidagraph (version 3.5), where∆GH2O

is the free energy of unfolding in the absence of denaturant,
[D] is the concentration of denaturant, andm is a parameter
indicating the sensitivity of the free energy of unfolding to
denaturant concentration (30, 31). The concentration of
denaturant at which the protein is 50% denatured (Cm value)
was calculated using eq 2.

Hemin Transfer Experiments. Horse skeletal apomyoglobin
(apoMb) was employed as the receiving protein in hemin

fraction folded) exp{(∆GH2O - m[D])/RT}/

{1 + (∆GH2O - m[D])/RT} (1)

∆GH2O ) Cmm (2)
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transfer experiments. Removal of heme from the holoprotein
(Calbiochem) was accomplished using the method of Teale
(32). For measurements at pH 5.0, the solution was buffered
with 150 mM sodium acetate. For experiments at pH 6.0
and 7.0, 150 mM potassium phosphate buffer was employed.
All solutions contained 450 mM sucrose to help to stabilize
the apoproteins (33). ApoMb concentrations were estimated
using an extinction coefficient of 16.0 mM-1 cm-1 at 280
nm (34). In a typical hemin transfer experiment, a 1 mL
solution of apoMb (40-60 µM) in the appropriate buffer
solution was equilibrated at 37°C in a 1.0 cm cuvette in the
UV/vis spectrophotometer described above. A solution of
the appropriate cytb5 prepared in the same buffer (e5 µL;
final cyt b5 concentration 2-4 µM) was added to the apoMb
solution, and the absorbance at 406 nm (A406) was monitored
as a function of time. In most experiments, the concentration
of apoMb was 18-25-fold greater than the concentration of
cyt b5. However, in experiments with the L71S and A18S/
I32L/L47R mutants at pH 5.0 (which required more than 16
h to reach completion), protein precipitation was observed
to occur if the apoMb to cytb5 ratio exceeded 10:1.
Therefore, a 10:1 ratio of apoMb to cytb5 was used for
determining hemin transfer rate constants for these mutants
at pH 5.0. In experiments performed by recording spectra
as a function of time for the A18S/I32L/L47R, L71S, and
A18S/I32L/L47R/L71S mutants at pH 5.0 (with the sample
zeroed at 700 nm before each scan), we observed that
variation in absorbance at 415 nm was small (<4%) in
comparison with that at 406 nm and largely random. During
experiments in which the absorbance at 406 nm was recorded
as a function of time, some drift of the signal occurred
throughout the reactions. As a means of correcting for this
drift, we also recorded the absorbance at 415 nm for these
mutants and subsequently subtracted it from the absorbance
at 406 nm. Because 415 nm likely does not represent a true
isosbestic point due to the biphasic nature of the reactions
(see Results and Discussion), it is possible that this correction
process will lead to small errors in the fitted rate constants.
However, we feel that the substantially improved fits of the
data resulting from subtraction of the absorbance at 415 nm
justify use of the procedure. For samples exhibiting extremely
slow hemin transfer (k-H < 0.1 h-1), rate constants were
estimated from initial rate data as previously described (13).
For samples exhibiting faster hemin transfer, rate constants
were obtained from plots correlating absorbance atA406 and
time using the curve-fitting program Igor Pro (version 4.0,
WaveMetrics, Inc.).

Crystallization and X-ray Diffraction Data Collection.The
recombinant A18S/I25L/I32L/L47R/L71S quintuple mutant
of rat OM cytb5 was concentrated to∼9 mg/mL in a buffer
containing 20 mM Tris-HCl, pH 7.2. Crystals were grown
in vapor diffusion plates at 278 K from hanging drops of
the protein solution mixed 1:1 with the reservoir solution
containing 32% (w/v) poly(ethylene glycol), 0.2 M magne-
sium acetate, and 0.1 M PIPES, pH 6.5. The typical size of
a crystal was about 0.2 mm× 0.2 mm × 0.2 mm. Data
collection was performed as previously described (13). A
complete data set was collected up to 2.0 Å resolution.

Structural Determination and Refinement.The crystal
structure of the rat OM cytb5 A18S/I25L/I32L/L47R/L71S
quintuple mutant is isomorphous with that of the A18S/I32L/
L47R triple mutant reported previously (13). One crystal-

lographic asymmetric unit contains four cytb5 molecules
with 44% solvent content. Refinement was carried out using
the program CNS (version 1.0) (35) with 6% of the total
reflections randomly selected prior to the refinement to
monitor theRfree factor. Simulated annealing (from 5000 K)
was used at the initial stage of the refinement to reduce bias
of the template model. The graphics program FRODO
(Turbo) (36) was used for interactive modeling. A default
tight restriction on the planarity of heme groups was applied
at early stages of refinement and was released to the level
equivalent to aromatic rings of side chains of the protein.
Coordinates of the crystal structure of the A18S/I25L/I32L/
L47R/L71S mutant of cytb5 reported here have been
deposited in the Protein Data Bank with accession code 1LJ0.

RESULTS AND DISCUSSION

Identification of a Second Hydrophobic Patch in Rat OM
Cyt b5. Disruption of the hydrophobic patch involving Ala-
18, Ile-32, Leu-36, and Leu-47 in rat OM cytb5 destabilized
the protein, as evidenced in thermal and chemical denatur-
ation studies of the A18S/I32L/L47R triple mutant, and
facilitated hemin transfer and reorientation (13). However,
the triple mutant remains considerably more stable than
bovine Mc cytb5, and hemin is still kinetically trapped under
physiological conditions. Consequently, we attempted to
identify additional differences between the rat OM and
bovine Mc proteins that might account for their disparate
stability and hemin-binding properties. Thus, detailed com-
parisons between their amino acid sequences and crystal
structures (Figure 2) drew our attention to residue 71, which
is located in the last (C-terminal) turn of one of the four
R-helices surrounding the heme. In bovine Mc cytb5 residue
71 is a Ser (green in Figure 2A), whereas in the rat OM
protein it is a Leu (green in Figure 2B). In the crystal
structure of bovine Mc cytb5, the hydroxyl group on the
side chain of Ser-71 is directed toward the solvent where it
is involved in a network of hydrogen bonds with crystal-
lographic water molecules, whereas theâ-methylene group
makes van der Waals contact with the heme methyl and heme
vinyl substituents on pyrrole ring I, at the base of the heme-
binding pocket (Figure 2A). Further inspection of the
microenvironment surrounding Ser-71 in bovine Mc cytb5

revealed that a significant portion of the heme (red in Figure
2A) is exposed to the aqueous environment, as is evident
from the unencumbered view of a significant portion of
pyrrole ring I and of the vinyl group attached to it. By
comparison, a similar view of rat OM cytb5 reveals that the
corresponding heme pyrrole ring and its substituents are
inaccessible to solvent. This stems largely from the fact that
Leu-71 in rat OM cytb5 (green in Figure 2B) creates a very
different microenvironment than does Ser-71 in bovine Mc
cyt b5. For example, oneδ-methyl group of Leu-71 makes
hydrophobic contact with the methyl and vinyl groups on
nearby heme pyrrole ring I, while the other interacts with
the side chain of invariant residue Phe-58 (blue).

In addition, bothδ-methyl groups of Leu-71 make van
der Waals contact with theδ-methyl group of Ile-25 (light
blue), which also contacts the vinyl group on pyrrole ring
I.2 Finally, there is extensive packing between the side chains
of Ile-25 and Phe-58, with the side chain of the latter
engaging in edge-to-face aromatic stacking interactions with
the heme macrocycle. Thus, the heme cofactor and the side
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chains of Leu-71, Ile-25, and Phe-58 comprise an extensive
network of hydrophobic interactions.

Less extensive hydrophobic interactions are present in
bovine Mc cytb5, which contains Leu at position 25 (light
blue in Figure 2A). As with Ile-25 in the rat OM protein,
Leu-25 in bovine Mc cytb5 interacts with the heme-vinyl
group on pyrrole ring I and with the side chain of Phe-58
(blue). However, interactions between Ser-71 and Leu-25
and between Ser-71 and Phe-58 are absent. A consequence
of the limited hydrophobic interactions among these residues
is the formation of a relatively large cavity that exposes a
section of the heme in Mc cytb5 to the aqueous environment.
Two additional interactions involving Phe-58 are notewor-

thy: (i) its phenyl side chain isπ-stacked against the
imidazolyl side chain of heme ligand His-63, and (ii) its
carbonyl oxygen provides a hydrogen bond to the NH group
on the His-63 side chain. It is therefore conceivable that
subtle differences in the microenvironment surrounding Phe-
58 in rat OM cytb5 and bovine Mc cytb5 may influence the
strength of the bond between His-63 and Fe(III), thereby
modulating protein stability and propensity of the protein to
release hemin. We therefore hypothesized that the more
extensive hydrophobic network in the vicinity of Leu-71 and
Ile-25 in rat OM cytb5 contributes to its greater stability
and lower rates of hemin release and hemin reorientation in
comparison to the bovine Mc protein. To probe this
hypothesis, we prepared two mutants of rat OM cytb5 (L71S
and I25L) in which Leu-71 and Ile-25 are replaced with the
corresponding residues in the Mc proteins. In addition, we
prepared the A18S/I32L/L47R/L71S quadruple and A18S/
I25L/I32L/L47R/L71S quintuple mutants in order to probe

2 It is important to note that the hemin orientational isomers are
present in a 1:1 ratio in the wild-type protein used for crystallographic
analysis, even though only one isomer (isomer A) was employed in
refining the structure. In isomer B, a heme methyl group would reside
near the side chain of Ile-25.

FIGURE 2: Space-filling stereo representations of the X-ray crystal structures of (A) bovine Mc cytb5, (B) wild-type rat OM cytb5, and (C)
the A18S/I25L/I32L/L47R/L71S quintuple mutant of rat OM cytb5. In all structures heme is in red, axial ligands His-39 and His-63 are
in yellow, residue 71 is in green, residue 25 is in light blue, and residue 58 is in blue.
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the effect of simultaneously disrupting the hydrophobic
networks formed by Ala-18, Ile-32, Leu-36, and Leu-47 and
by Ile-25, Phe-58, Leu-71, and the heme on the chemical
and physical properties of rat OM cytb5. Insights obtained
from the study of these proteins are described in the
following sections.

X-ray Crystal Structure of the A18S/I25L/I32L/L47R/L71S
Quintuple Mutant.Crystals of the A18S/I25L/I32L/L47R/
L71S quintuple mutant were grown using conditions identical
to those recently reported for crystallization of the A18S/
I32L/L47R triple mutant. The 2.0 Å resolution structure has
been refined to anR-factor of 21.0%, with anRfree of 25.1%.
Table 1 reports the statistics of the diffraction data and the
refinement statistics. As with the triple mutant, there are four
cyt b5 molecules per crystallographic asymmetric unit cell.
The root-mean-square (rms) deviations between the CR
atoms (residues 4-85) of each possible pair of protein
molecules in the asymmetric unit cell range between 0.37
and 0.43 Å, indicating that all four structures are essentially
identical. The main differences between the four molecules
are located at the N-temini. All of the mutated residues
display good electron density, providing structural confirma-
tion for the changes. Because1H NMR studies had demon-
strated that isomer B is favored in the A18S/I32L/L47R triple
mutant, isomer B was used in refining its crystal structure
(13). Maps of the A18S/I25L/I32L/L47R/L71S quintuple
mutant calculated using the structure of the triple mutant as
a model show additional positive electron density close to
the methyl groups of pyrrole rings I and II and negative
electron density close to the vinyl groups, thus indicating
that in the quintuple mutant hemin isomer A is favored. The
final model of the A18S/I25L/I32L/L47R/L71S quintuple
mutant contains heme in this orientation.

In terms of overall fold, the A18S/I25L/I32L/L47R/L71S
quintuple mutant is identical to the wild-type (15) and A18S/
I32L/L47R mutant (13) proteins. The side chain of Ser-71
(green in Figure 2C) adopts an orientation essentially
identical to that of Ser-71 in bovine Mc cytb5, with the side-

chain OH group oriented toward the aqueous environment,
although there is no evidence that the OH group engages in
hydrogen-bonding interactions with crystallographic water
molecules, as was observed in the crystal structure of bovine
Mc cyt b5 (14). The structure of the quintuple mutant
confirms that the structural microenvironment in the neigh-
borhood of Ser-71 is very similar to that seen in Mc cytb5

in that a cavity exposes a sizable portion of pyrrole ring I
and its vinyl substituent to the aqueous environment. As is
the case with the Mc isoform, the structure of the quintuple
mutant reveals an interaction between theâ-methylene group
of Ser-71 and the nearby heme vinyl group and a Leu-25
side chain exhibiting torsional angles nearly identical to those
of Leu-25 in bovine Mc cytb5. It is therefore clear that
replacing Ile-25 and Leu-71 with Leu and Ser, respectively,
reproduces the corresponding structural microenvironment
of bovine Mc cytb5 in the vicinity of residue 71. Moreover,
the structure of the quintuple mutant confirms that the
extended hydrophobic network encompassing Ala-18, Ile-
32, Leu-36, and Leu-47 has also been disrupted. The crystal
structure is therefore a useful aid in understanding the results
of the biophysical studies described below.

Effect of Mutagenesis on Hemin Orientational Isomer
Ratio.The ratio of hemin orientational isomers in wild-type
rat OM cytb5 and most of the mutants discussed in this paper
is A:B ) 1:1 following expression inE. coli (Table 2). This
phenomenon is likely a consequence of freshly synthesized
polypeptide (apoprotein) binding hemin in both orientations
at identical rates during protein expression in the bacterial
host. The isomer ratio remains 1:1 throughout the process
of expression and purification because hemin is kinetically
trapped at 37°C. However, after heating each protein to an
appropriate temperature, the thermodynamic equilibrium is
attained. For example, heating the wild-type protein to 65
°C for 7 h resulted in a hemin orientational isomer ratio of
A:B ) 1:1.2 (Table 2) (23), while heating the A18S/I32L/
L47R and I32L mutants to the same temperature resulted in
an equilibrium ratio of A:B) 1:4.0 (13). The 1H NMR
spectrum obtained from the A18S/I32L/L47R mutant fol-
lowing hemin isomer equilibration is shown in Figure 3A.
On the other hand, the isomer ratio obtained for the quadruple
and quintuple mutants, immediately after expression and
purification, is not 1:1 but rather A:B) 1.2:1. This
observation suggests that these two mutants tend to approach
their thermodynamic equilibrium (2.5:1 and 1.5:1, respec-
tively) during protein expression, thereby indicating that
hemin is no longer kinetically trapped at 37°C. Insights

Table 1: Data Collection and Refinement Statistics

data statistics
space group P212121

unit cell (Å) a ) 39.8
b ) 50.9
c ) 167.4

resolution (Å) 50.0-2.0
Rmerge(%) 0.08 (0.37)a

no. of reflections 23729 (2215)
completeness (%) 99.2 (94.7)
I/σ(I) 22 (3.2)

refinement statistics
Rworking (%) 21.0 (for 20088 reflections)b

Rfree(%) 25.1 (for 1474 reflections)b

no. of non-hydrogen atoms
protein (including heme) 2997
solvent 194

rmsd from ideal values
bond length (Å) 0.015
bond angle (deg) 1.61

averageB-factor (Å2)
protein 34.5
solvent 38.6

a Numbers in parentheses are the corresponding numbers for the
highest resolution shell (2.1-2.0 Å). The highest resolution shell with
Rmerge below 20% is that corresponding to 2.4-2.25 Å. b Reflections
of |Fo| > 0.0.

Table 2: Hemin Orientational Isomer Ratios and Rates of Hemin
Reorientation at pH 7.0

hemin isomer ratio (A:B)

protein as isolated at equilibrium
k1

a

(h-1)
t1/2

(h)

wild-type rat OM 1:1 1:1.2b e e
I25L 1:1 1:1.1c e e
A18S/I32L/L47R 1:1 1:4.0c 0.05 13.9
L71S 1:1 5.2:1c 0.09 7.8
A18S/I32L/L47R/L71S 1.2:1 2.5:1c 0.24 2.8
A18S/I25L/I32L/L47R/L71S 1.2:1 1.5:1c 0.29 2.4
bovine Mc tryptic fragment 2.8:1 9:1d f f

a Determined at 45°C. b Determined at 65°C. c Determined at 45
°C. d Determined at 24°C (20). e Too slow to measure.f Too fast to
measure.

Microsomal and Mitochondrial Cytochromesb5 Biochemistry, Vol. 41, No. 39, 200211571



gained from studying the kinetics of hemin release and hemin
reorientation of these mutants will be discussed in the
following section.

Studies conducted with the I32L and A18S/L47R/I32L
mutants of rat OM cytb5 allowed us to conclude that residue
32 plays a key role in controlling the equilibrium position
of isomers A and B, because both mutants exhibit an
equilibrium ratio of A:B) 1:4 (13). The increased stability
of isomer B was attributed to the fact that the twoδ-CH3

groups on the isobutyl side chain of Leu-32 (light blue in
Figure 4A) pack against the methyl group located at position
3 of pyrrole ring I in isomer B (B 3Me; see Figure 3), thus
restricting the space available at the bottom of the heme-
binding pocket (13). The space available for the heme to
place a vinyl group at this position (isomer A) is further
restricted by the fact that one of theδ-CH3 groups in the
side chain of Leu-71 (blue in Figure 4A) packs against the
heme. Hence, it is likely that a vinyl group at this position
(position 2 in isomer A) will encounter energetically
unfavorable interactions with the side chains of Leu-32 and
Leu-71. In contrast, when Leu-71 is replaced by Ser and the
resultant protein is allowed to reach equilibrium by heating

it to 45 °C, isomer A is favored (A:B) 5.2:1), as can be
seen from the corresponding1H NMR spectrum (Figure 3B).
Stabilization of isomer A relative to isomer B in the L71S
mutant is likely a consequence of increased room at the
bottom of the heme pocket that accommodates a vinyl group
at position 2 in pyrrole ring I of isomer A (A 2V; see Figure
3). Increased room at the bottom of the heme pocket is
created by the shorter side chain of Ser and by the
conformation of the Ile side chain, which directs the lone
δ-CH3 group away from the heme. These findings show that
it is possible to select, at will, a mutant of rat OM cytb5

wherein isomer A or isomer B predominates. Remarkably,
this can be achieved by introduction of a single point
mutation: I32L “dials in” isomer B, whereas L71S “dials
in” isomer A. This is, to the best of our knowledge, the first
reported example in which the hemin isomer equilibrium has
been completely reversed in a cytochromeb.

A second noteworthy observation regarding the equilib-
rium position of hemin isomerism in the different mutants
investigated in this work stems from the finding that the
A18S/I25L/I32L/L47R/L71S quintuple mutant displays an
equilibrium ratio of A:B) 1.5:1, similar to that observed in
rat Mc cyt b5 (A:B ) 1.6:1) (26) but clearly distinct from
the A:B ≈ 9:1 displayed by bovine Mc cytb5 (27) and by
the corresponding human protein (37). Comparing the
sequence of the heme-binding domain of the rat OM
quintuple mutant with the corresponding sequences of
bovine, human, and rat Mc cytb5 (Figure 5), we find that
they differ at a variety of positions. Much of the sequence
divergence involves residues distant from the heme, for
example, those located at the N- and C-termini, and therefore
not likely to contribute directly to the hemin isomer ratio.
In contrast, the side chains of residues 23, 70, and 74
(underlined in Figure 5) are situated near the heme. For
example, the phenyl side chain of Phe-74 makes van der
Waals contact with the methyl and vinyl groups on heme
pyrrole ring I. Mortuza and Whitford found that replacing
Phe-74 in bovine Mc cytb5 with Tyr, which occupies
position 74 in rat Mc cytb5 and in the rat OM quintuple
mutant, resulted in a change in hemin orientational isomer
ratio from A:B ≈ 9:1 to A:B ) 3.5:1 (note that Mortuza
and Whitford employ an alternate numbering system in their
report, with Phe-74 denoted as Phe-78) (38). Replacing Tyr-
74 in the quintuple mutant of rat OM cytb5 is therefore likely
to exert the opposite effect, increasing the population of
isomer A at the expense of isomer B.

The side chain of Leu-23 in bovine Mc cytb5 makes
contact with the methyl group of pyrrole ring II (isomer A).
Mortuza and Whitford (38) demonstrated that replacing Leu-
23 in bovine Mc cytb5 with Val, the corresponding residue
in the rat Mc protein (see Figure 5), decreased the hemin
isomer ratio (from A:B≈ 9:1 to A:B ) 4.0:1) by providing
more room for a vinyl group to occupy the corresponding
position, thereby increasing the population of isomer B at
the expense of isomer A. It is also noteworthy that NMR
studies conducted by Bertini and co-workers implicate
residues 23 and 74 as important in modulating the predomi-
nance of isomer A in Mc cytochromesb5 (39). Moreover,
NMR spectroscopic studies carried out by La Mar and co-
workers (40) also identified residue 23 as key to favoring
isomer A in microsomal bovine cytb5. Residue 23 in the rat
OM quintuple mutant is a Met whose side-chain methyl

FIGURE 3: 1H NMR spectra of the A18S/I32L/L47R (A) and L71S
(B) mutants of rat OM cytb5 obtained after equilibrating the hemin
orientational isomers at 45°C for 50 h. The structures at the top of
the figure indicate the numbering scheme used for the heme
substituents in the two isomers that differ by a 180° rotation about
the R,γ-meso axis.
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group makes close contact with the methyl group on heme
pyrrole ring II (isomer A), similar to the interaction between
this heme methyl group and the side chain of Leu-23 in the
bovine Mc protein. As a result, we consider it likely that

the presence of Met-23 is one of the factors which favors
isomer A in the rat OM quintuple mutant. Because the
interactions between heme and the side chains of residue 23
in bovine Mc cytb5 and the rat OM quintuple mutant are so

FIGURE 4: Stereo representations depicting key interactions among amino acid side chains and heme that are responsible for the ratio of
hemin orientational isomers observed with the different mutants: (A) A18S/I32L/L47R triple mutant of rat OM cytb5; (B) A18S/I25L/
I32L/L47R/L71S quintuple mutant of rat OM cytb5; (C) wild-type bovine Mc cytb5. In each structure heme is in red, residue 32 is in light
blue, residue 71 is in blue, residue 70 is in green, and the heme axial ligands are in yellow.

Microsomal and Mitochondrial Cytochromesb5 Biochemistry, Vol. 41, No. 39, 200211573



similar, it is not easy to predict the effect of replacing Met-
23 in the quintuple mutant with Leu. Finally, the side chain
of Leu-70 in the crystal structure of bovine Mc cytb5 is
packed against the heme methyl group at position 1 (A 1Me;
see Figure 4). The corresponding position in rat OM cytb5

is occupied by a Met. Because the side chain of Leu-70 is
more restricted in its conformations than Met, it is more
likely to experience unfavorable steric interactions if the A
1Me methyl group of hemin isomer A were to be replaced
by the B 4V vinyl group of isomer B. We therefore predict
that replacing Met-70 in the rat OM cytb5 quintuple mutant
with Leu will increase the population of isomer A at the
expense of isomer B. The roles of residues 23, 70, and 74
will be examined in more detail in future work.

Kinetics of Hemin Reorientation and Hemin Transfer.It
is evident from the discussion above that, following polypep-
tide synthesis, hemin is incorporated into the apoprotein to
form isomers A and B with essentially identical rates, thus
leading to nascent protein exhibiting equimolar concentra-
tions of both hemin orientational isomers. In the case of
bovine Mc cyt b5, the less stable isomer is gradually
converted into the more stable isomer until equilibrium has
been attained (20, 27), as indicated in eq 3. This unimolecular

reaction, which is assumed to occur within a protein cage,
has been shown to be the more likely mechanism for hemin
reorientation in myoglobin (24, 29) and in the bishistidine-
coordinated hemoglobin fromSynechocystissp. (41). It is
therefore reasonable to assume that the mechanism of hemin
reorientation in cytochromeb5 is also unimolecular (eq 3).
Hence, at a given temperature the equilibrium constant for
hemin isomer interconversion is defined byKeq ) [M]/[m],
where [M] and [m] represent the concentrations of the major
and minor isomer, respectively. If the change in concentration
of the major isomer as a function of time is given by eq 4,
[M] 0 and [m]0 are the concentrations of major and minor
isomers at time zero and [M]eq and [m]eq represent the
corresponding equilibrium concentrations, eqs 5 and 6 are
readily obtained. A plot of the term ln{([m] - [m]eq)/([m]0

- [m]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 isomer interconversion reaction
has reached equilibrium. Values ofk1 listed in Table 2 were
obtained from time-dependent NMR spectroscopic data
analyzed using eq 6.

In a previous communication we reported that hemin
reorientation is unmeasurably slow for wild-type rat OM cyt
b5 at pH 7.0 and 45°C (13). However, disrupting the
hydrophobic network encompassing residues Ala-18, Ile-32,
Leu-36, and Leu-47 in the A18S/I32L/L47R triple mutant
accelerated the rate of hemin reorientation and permitted its
measurement; at pH 7.0 and 45°C the triple mutant exhibits
a half-life for hemin reorientation of 13.9 h (Table 2) (13).
Interestingly, the point mutation L71S exerted a larger effect
on the rate of hemin reorientation than did complete
disruption of the originally identified hydrophobic patch
(A18S/I32L/L47R), as is apparent from thek1 measured for
the L71S mutant which is nearly 2-fold larger than for the
A18S/I32L/L47R triple mutant. Combining the L71S and
A18S/I32L/L47R mutations produces a protein exhibiting a
rate constant for hemin reorientation that is larger than that
measured for either parent protein: the A18S/I32L/L47R/
L71S quadruple mutant exhibits ak1 ∼5-fold larger than that
of the triple mutant and∼2.5-fold larger than that of the
L71S mutant. Incorporating the I25L mutation into the
quadruple mutant increasesk1 by an additional factor of 1.2
with respect to the latter.

Of all the mutants of rat OM cytb5 examined in this study,
only the A18S/I32L/L47R/L71S quadruple and A18S/I25L/
I32L/L47R/L71S quintuple mutants are isolated with unequal
concentrations of hemin isomers A and B (A:B∼ 1.2:1 in
each case). The observation that partial hemin isomer
equilibration occurs during expression of these mutants
indicates that hemin is no longer kinetically trapped under
physiological conditions. This observation prompted us to
examine whether the hemin isomer ratio in freshly expressed
and purified bovine Mc cytb5 corresponds to that observed
at equilibrium (A:B ≈ 9:1). To this end, the gene coding
for this protein was placed in the same expression vector
used to obtain rat OM cytb5 (see Experimental Procedures),
and the protein was expressed and purified using conditions
identical to those employed for the rat OM mutants. As
isolated, the hemin isomer ratio in the bovine Mc protein is
A:B ) 2.8:1, which is in agreement with the hypothesis that
both hemin isomers are formed at the same rate, followed
by reorientation of the minor isomer to achieve the equilib-
rium concentrations dictated by interactions between hemin
and the polypeptide. In this context, it is interesting to

FIGURE 5: Amino acid sequence alignments of the heme-binding domains of the A18S/I25L/I32L/L47R/L71S quintuple mutant of rat OM
cyt b5 and of bovine, human, and rat Mc cytb5. The numbers in parentheses at the end of the first row indicate the equilibrium hemin
isomer ratio for that protein. Residues considered most likely to contribute to the different hemin isomer ratios are underlined.

m {\}
k1

k-1
M (3)

d[m]/dt ) -k1[m] + k-1[M] (4)

d[m]/dt ) (k1 + k-1)([m]eq - [m]) (5)

ln{([m] - [m]eq)/([m]0 - [m]eq)} ) -(k1 + k-1)t (6)
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compare the rate of hemin reorientation exhibited by the
A18S/I25L/I32L/L47R/L71S quintuple mutant, which is the
fastest among the OM cytb5 proteins, with that exhibited
by bovine Mc cytb5. Walker et al. reported that the half-
life for reorientation of isomer B to isomer A at 24°C is 12
h (20). By comparison, hemin in the quadruple and quintuple
mutants of rat OM cytb5 is still kinetically trapped at 24°C
because1H NMR spectra acquired over a period of 29 h,
more than 2-fold longer than the half-life for hemin
reorientation in the Mc isoform, clearly show that the ratio
of A and B isomers remains constant. Therefore, the rate of
hemin reorientation in the quintuple mutant of rat OM cyt
b5 is still significantly slower than the rate of hemin
reorientation exhibited by the bovine Mc isoform.

From the preceding discussion, it is apparent that disrup-
tion of both hydrophobic networks in the structure of rat
OM cyt b5 results in enhancement of the rate of hemin
reorientation at 45°C for all mutants except I25L. Hemin
in the latter, as in wild-type OM cytb5, is kinetically trapped
at this temperature. It was therefore of interest to investigate
whether the mutations have similar effects on rates of hemin
release. Rates of hemin release are typically obtained by
measuring rate constants for hemin transfer from a heme
donor protein to an appropriate apohemoprotein, which is
present in excess (33, 42). For the present studies we have
used wild-type horse apoMb, as suitable changes in electronic
absorption spectra accompany the hemin transfer reaction.
The reactions are carried out in the presence of sucrose,
which functions to stabilize the apoproteins (33). The rate
constant for hemin transfer from the tryptic fragment of
bovine Mc cytb5 to horse apoMb at pH 7 and 37°C (k-H)
was determined in this manner from the fit of a plot relating
the absorbance at 406 nm vs time to eq 7 , whereAt is the

absorbance at timet, A∞ is the final absorbance, and∆Aeq is
the total change in absorbance. The value obtained is nearly
identical to that determined by Mauk and co-workers using
a mutant of horse apoMb as the receiving protein (Table 3)
(24). In contrast, no transfer of hemin from rat OM cytb5 to
apoMb is observed at the same pH and temperature,
consistent with our previous conclusion that hemin is
kinetically trapped under physiological conditions (in our
previous reports, hemin transfer reactions were performed
at 21°C). Hemin in the L71S, I25L, and A18S/I32L/L47R

mutants is also kinetically trapped at pH 7 and 37°C.
However, the A18S/I32L/L47R/L71S quadruple and A18S/
I25L/I32L/L47R/L71S quintuple mutants exhibit observable
hemin transfer under these conditions, albeit significantly
slower than those exhibited by bovine Mc cytb5 (Table 3).
Hence, upon complete disruption of the two hydrophobic
patches in rat OM cytb5 hemin is no longer kinetically
trapped under physiological conditions, as evidenced in both
hemin reorientation and hemin transfer experiments. The fact
that both processes are considerably slower than for bovine
Mc cyt b5 indicates that other, as yet unidentified, factors
contribute to the remaining difference in kinetic barriers for
these processes in the bovine Mc and rat OM proteins.

Hemin Release from Isomer A and from Isomer B Is
Kinetically ResolVed. Transfer of hemin from wild-type
bovine Mc cytb5 to apoMb is approximately 30 times faster
at pH 5.0 than at pH 7.0 (Table 3) (24). The faster rate at
lower pH likely originates from the fact that the His ligands,
once dissociated from iron, are more likely to become
protonated before they bind iron again. In agreement with
this expectation, lowering the pH to 5.0 at 37°C facilitates
hemin transfer from wild-type rat OM cytb5 to apoMb, but
the reaction is still very slow (t1/2 ≈ 14 h; Table 3). Whereas
the conservative mutation of Ile-25 to Leu results in only a
small acceleration, hemin transfer from the L71S and A18S/
I32L/L47R mutants is considerably faster, reaching comple-
tion within about 16 h. For the A18S/I32L/L47R/L71S
quadruple and A18S/I25L/I32L/L47R/L71S quintuple mu-
tants, hemin transfer reactions are complete within ap-
proximately 90 and 30 min, respectively.

For the four rat OM cytb5 mutants exhibiting the fastest
hemin transfer at pH 5.0, we were able to obtain rate con-
stants by fitting plots relating the absorbance at 406 nm and
time to eq 7. However, for the L71S, A18S/I32L/L47R, and
A18S/I32L/L47R/L71S mutants, we found that fits of the
data could be significantly improved if two first-order
processes were considered (eq 8) rather than only one. For

example, when hemin transfer experiments were carried out
with the L71S single mutant obtained immediately after
expression and purification (A:B) 1:1), the plot relating
time-dependent absorbance changes shown in Figure 6A was
obtained. Fitting these data to the monoexponential eq 7 was
less than optimum, as demonstrated by the relatively large
residuals. Significantly improved results were obtained by
fitting the data to the biexponential eq 8, as can be seen from
the associated residual plot. Fitting the data to eq 8 yields
two rate constants,k-H,fast, describing a fast event, andk-H,slow,
describing a slow event. It is interesting that the ratio of these
two constants,k-H,slow/k-H,fast ) 0.18 (see Table 3), is nearly
identical to the equilibrium hemin isomer ratio, A/B) 0.19
(see Table 2), obtained by NMR spectroscopy. Consequently,
this finding suggests that the slow and fast phases originate
from release of hemin from the more stable (A) and less
stable (B) hemin orientational isomers, respectively. In
agreement with this hypothesis, the slow (∆Aeq,slow) and fast
(∆Aeq,fast) preexponential terms obtained from the fit of the
data to eq 8 contribute almost equally to the overall kinetic

Table 3: Rate Constants for Hemin Transfera

pH 5.0

protein

pH 7.0
k-H

(h-1)
k-H,slow

(h-1)
k-H,fast

(h-1)

wild-type rat OM b ∼0.05c

I25L b ∼0.08c

A18S/I32L/L47R b e0.27 e1.5
L71S b 0.26( 0.02 1.4( 0.2
A18S/I32L/L47R/L71S ∼0.007c 2.5( 0.3 6.2( 0.4
A18S/I25L/I32L/L47R/L71S∼0.01c 8.3( 0.4
bovine Mc tryptic fragment

(this work)
0.28( 0.04 6.5( 0.5

bovine Mc tryptic fragment
(24)

0.23( 0.02 6.8( 0.5

a Measured at 37°C. b Too slow to measure.c Determined from
initial rate data.

At ) A∞ - ∆Aeqexp(-k-Ht) (7)

At ) A∞ - ∆Aeq,fastexp(-k-H,fastt) -
∆Aeq,slowexp(-k-H,slowt) (8)
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change (∆Aeq,slow/∆Aeq,fast∼1.4/1), as would be expected from
the 1:1 ratio of hemin orientational isomers present in the
sample. Additional evidence supporting the hypothesis that
release of hemin from isomer A and isomer B can be
kinetically resolved was obtained by studying the L71S
mutant which had been previously incubated at 45°C until
the thermodynamically dictated equilibrium ratio, A:B) 5.2:
1, had been attained. A plot relating the time-dependent
absorbance changes observed during the course of this
experiment is shown in Figure 6B. It is evident by simple
inspection that hemin transfer is slower in the protein sample
containing predominately isomer A (Figure 6B) than in the
sample containing an equimolar mixture of isomer A and
isomer B (Figure 6A). A monoexponential fit of the data
(eq 7), again, is not optimum, as indicated by the associated
residual plot, while use of the biexponential function (eq 8)
results in an optimum fit. The two rate constants,k-H,fast and
k-H, slow, obtained from the biexponential fit are identical
within error to those obtained with the protein sample
exhibiting a 1:1 ratio of hemin isomers. Consequently, the
slower overall rate of hemin transfer must arise from the
fact that the kinetic term,∆Aeq,slow, corresponding to the more
stable isomer (isomer A) contributes more to the overall
kinetic change than does the kinetic term,∆Aeq,fast, corre-
sponding to the less stable isomer (isomer B). The values
obtained from the fitting process indicate that, indeed, the
relative contributions of the two preexponential terms in eq
8, ∆Aeq,slow/∆Aeq,fast ∼5.6/1, closely match the ratio of the
more stable and less stable isomers (A/B) 5.2/1), thus
corroborating the idea that hemin transfer data must be fit
to a biexponential function because transfer from the more
stable isomer is slower than transfer from the less stable

isomer. Similar results were obtained for the A18S/I32L/
L47R and A18S/I32L/L47R/L71S mutants. On the other
hand, fits of hemin transfer data for the A18S/I25L/I32L/
L47R/L71S quintuple mutant were not significantly improved
by using a double exponential function, a finding that is
consistent with the smaller difference in hemin orientational
isomers at equilibrium for this mutant.

Release of hemin from theR and â subunits of human
hemoglobin has similarly been kinetically resolved by
electronic absorption spectroscopy (33). However, our results
represent the first case where the release of two hemin
orientational isomers has been kinetically resolved. The fact
that release of hemin orientational isomers A and B of these
cyt b5 mutants can be kinetically resolved at pH 5.0 indicates
that rebinding of hemin by the cytb5 mutant following its
release is much slower than binding of the released hemin
by apoMb. In other words, hemin transfer is clearly faster
than hemin reorientation at pH 5.0.

Despite the fact that only a 10-fold excess of apoMb could
be employed in the hemin transfer reactions with the L71S
and A18S/I32L/L47R mutants at pH 5.0 and 37°C, the
electronic absorption spectra recorded at the end of the
reactions are essentially identical to the spectrum of horse
Mb. Furthermore, when the ratio of apoMb to L71S cytb5

was decreased from 10:1 to 5:1, there was no observed
change in the fitted rate constants. Both of these findings
suggest that transfer of hemin from the L71S mutant to horse
apoMb reaches completion in the presence of a 10-fold
excess of horse apomyoglobin. In contrast, a measurable
change in the fitted rate constants was observed for the A18S/
I32L/L47R triple mutant upon a similar change in ratio of
apoMb to cytb5. For this mutant, therefore, we cannot rule

FIGURE 6: (A) Plot of absorbance vs time obtained from experiments where hemin is transferred from the L71S mutant of rat OM cytb5
to apoMb (top). The sample of the L71S mutant used in this experiment exhibited a 1:1 ratio of hemin isomers A and B. Residual plots are
shown for fits of the data to eq 7 (middle) and to eq 8 (bottom). (B) Corresponding data obtained with a sample of the L71S mutant
exhibiting a 5.2:1 ratio of hemin isomers A and B. Experiments were performed at 37°C in 150 mM sodium acetate buffer, pH 5.0,
containing 450 mM sucrose (33).
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out the possibility that the rate constants obtained when using
a 10-fold excess of horse apoMb include some contribution
from transfer of hemin from Mb back to apocytb5. Therefore,
we represent the hemin transfer rate constants for the A18S/
I32L/L47R in Table 3 as upper limits. Because in the present
work we are primarily interested in the relative propensities
toward hemin loss among various rat OM cytb5 mutants
and how these compare to wild-type bovine Mc cytb5, we
have opted to refrain from a detailed kinetic analysis that
would take return hemin transfer into account for this mutant.

Summarizing the data in Table 3, we find that hemin
transfer rate constants for the major and minor isomers of
the L71S and A18S/I32L/L47R mutants at pH 5.0 and 37
°C are similar. However, combining these mutations in the
A18S/I32L/L47R/L71S quadruple mutant leads to increases
in hemin transfer rate constants of∼10-fold and∼5-fold
for the major (slow) and minor (fast) isomers, respectively.
The major isomer of this mutant loses hemin at slightly less
than half the rate observed for wild-type bovine Mc cytb5

at pH 5. Finally, the A18S/I25L/I32L/L47R/L71S quintuple
mutant transfers heme at pH 5 at a rate faster than that
observed for bovine Mc cytb5 under identical conditions.
These observations stand in sharp contrast to the behavior
of these proteins at pH 7.0, where the quintuple mutant
transfers heme more than 30-fold slower than the bovine Mc
protein. To examine the pH dependence of the reaction in
more detail, we compared hemin transfer rate constants for
the A18S/I25L/I32L/L47R/L71S quintuple mutant of rat OM
cyt b5 and for the wild-type bovine Mc protein measured at
pH 5.0, 6.0, and 7.0 (Figure 7). At pH 5.0, bovine Mc cyt
b5 and the rat OM quintuple mutant release hemin with nearly
identical rates. However, the rate of hemin transfer for the
bovine Mc protein decreases by a factor of∼30 between
pH 5.0 and pH 7.0, an observation that is in agreement with
the results recently reported by Mauk and co-workers (24).
In contrast, over the same pH range, the hemin transfer rate
constant for the rat OM quintuple mutant decreases by a
factor of approximately 830. These observations suggest that
at least one of the histidine axial ligands in Mc cytb5 is
protonated more readily than its counterpart(s) in rat OM
cyt b5 as pH is decreased, thereby leading to faster rates of
hemin release and hemin reorientation. In future studies we
hope to identify the factors responsible for the markedly

different effects of pH on hemin release for these proteins,
as well as to explain the mechanism responsible for the
observed results.

Thermal Denaturation Studies.An additional feature that
distinguishes rat OM cytb5 from the Mc isoforms is its
significantly greater stability toward thermal denaturation
(Figure 8, Table 4); the temperature at which rat OM cytb5

is 50% denatured (itsTm value) is nearly 20°C higher than
for the bovine Mc isoform (13). Thermal denaturation of
cyt b5 is accompanied by disruption of the bonds between
hemin and the protein, which we monitor by changes in
electronic absorption spectra (the Soret bandλmax shifts from
412 nm in the folded protein to 390 nm in the denatured
protein). As is commonly observed in thermal denaturation
studies of cytochromesb5 (43, 44), electronic absorption
spectra recorded as a function of temperature exhibit isos-
bestic behavior.

Such an observation is consistent with the two-state
unfolding equilibrium represented in eq 9, where folded
holoprotein (F‚H) is in equilibrium with unfolded apoprotein
(U) and free hemin (H). Such a scenario, however, contra-

dicts the well-known hydrophobicity of hemin, which causes
it to aggregate (45) or to interact preferentially with other
hydrophobic species (46-48) when in aqueous solution. In
fact, studies with cytb562have demonstrated that hemin forms
a relatively stable complex with the unfolded apoprotein and
that this complex is partially populated even at elevated
temperatures (51). Hence, thermal denaturation of cytb562

is best described by the three-state equilibrium in eq 10,
where U‚H is the complex between hemin and the unfolded
apoprotein (51), even though electronic absorption spectra
of cyt b562 recorded as a function of temperature exhibit
isosbestic behavior (52). Consequently, we cannot discount
the possibility that eq 10 also describes the thermal dena-
turation of cytb5.

The data in Table 4 show that values ofTm determined
for rat OM cytb5 and its mutants vary over a range of about

FIGURE 7: Plots ofk-H as a function of pH obtained for the tryptic
fragment of bovine Mc cytb5 (9) and the A18S/I25L/I32L/L47R/
L71S quintuple mutant of rat OM cytb5 (0).

FIGURE 8: Plots of normalized absorbance at 412 nm (Soret band
λmax) vs temperature for wild-type rat OM cytb5 (b), the tryptic
fragment of wild-type bovine Mc cytb5 (9), and the A18S/I32L/
L47 (O), L71S (4), A18S/I32L/L47R/L71S (2), and A18S/I25L/
I32L/L47R/L71S (0) mutants of rat OM cytb5. Data were acquired
in 50 mM potassium phosphate buffer, pH 7.0.

F‚H a U + H (9)

F‚H a U‚H a U + H (10)
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16 °C. As expected, the conservative replacement of Ile-25
with Leu causes only a minor decrease inTm, from 85.5 to
84.7°C, whereas the single point mutation L71S (Tm ) 75.3
°C) exerts a greater effect than does complete disruption of
the originally identified hydrophobic patch in the A18S/I32L/
L47R triple mutant (Tm ) 81.2°C). Further destabilization
is effected by combining the L71S and A18S/I32L/L47R
mutations as evidenced by theTm value for the A18S/I32L/
L47R/L71S quadruple mutant (71.1°C), which is lower than
the Tm values exhibited by either of the parent proteins.
Finally, introducing the I25L mutation into the quadruple
mutant yields an A18S/I25L/I32L/L47R/L71S quintuple
mutant exhibiting aTm value of 69.9°C, only 1.5°C higher
than that of the bovine protein.

A characteristic of cytochromesb5 (43, 53), also observed
in our thermal denaturation experiments, is that typically less
than 60% of the protein refolds after cooling a fully denatured
sample back to 25°C. Furthermore, the extent of refolding
decreases proportionately to the time the sample is heated
above itsTm. Thus, because the thermal denaturation reac-
tions are not fully reversible and it is not clear whether the
unfolding reaction conforms to a two-state (eq 9) or a three-
state (eq 10) equilibrium, we chose not to extract thermo-
dynamic parameters from the thermal denaturation data until
we have examined the mechanism of the reaction in greater
detail. However, inspection of Figure 8 reveals that the slopes
of the unfolding transition regions for wild-type rat OM cyt
b5 and its mutants are similar, indicating that decreases in
Tm for those proteins are reasonable indicators of relative
thermodynamic stability. In contrast, the slope of the un-
folding transition region for bovine Mc cytb5 is markedly
sharper, indicating that it may be more stable than itsTm

value suggests. In fact, results of chemical denaturation
studies described in the following section strongly suggest
that bovine Mc cytb5 is actually more stable than the rat
OM cyt b5 quintuple mutant.

Chemical Denaturation Studies.Treatment of cytb5 with
denaturants such as guanidinium chloride (GdmCl) is also
conducive to protein unfolding (30). As in thermal denatur-
ation studies, disruption of bonds between the His ligands
and hemin can be monitored by following changes in
electronic absorption spectra. Changes in protein structure
indicating protein unfolding can be examined independently
by fluorescence spectroscopy, which monitors the change
in environment of the invariant residue Trp-22. The latter
resides in a region of the protein whose structure is not
significantly perturbed by loss of hemin under nondenaturing

conditions (54, 55). This region, defined as core 1, includes
the â-sheet which comprises the base of the heme-binding
pocket. In contrast, the structure of the four-helix bundle
which surrounds the heme (core 2) is disrupted upon loss of
heme in nondenaturing conditions (54, 55). Previous chemi-
cal denaturation studies with wild-type bovine Mc and rat
OM cyt b5 using electronic absorption and fluorescence
spectroscopy have shown that protein unfolding and disrup-
tion of the Fe(III)-His bonds are coupled events under
denaturing conditions (23). Further experiments revealed a
decrease in stability for the A18S/I32L/L47R mutant without
uncoupling these events (13), a relationship that is maintained
in the A18S/I25L/I32L/L47R/L71S quintuple mutant, the
least stable mutant of rat OM cytb5 examined in this study
(data not shown).

Chemical denaturation studies of the proteins noted above
required several hours of incubation with GdmCl before
reproducible denaturation curves could be obtained (13).
Because the more potent denaturant guanidinium thiocyanate
(GdmSCN) (56) enabled us to obtain reproducible denatur-
ation curves with incubation times of 1 h (Figure 9), it was
used for the chemical denaturation studies described herein.
Spectra recorded as a function of [GdmSCN] monitored by
electronic absorption spectroscopy revealed the expected shift
of the heme Soret band from 412 to 390 nm, although
deviation from isosbestic behavior was observed. The
deviation became more pronounced as the concentration of

Table 4: Thermal and Chemical Denaturation Data

holoproteinsa apoproteinsb

Tm (°C) Cm (M) Cm (M) m (kcal mol-1 M-1) ∆GH2O (kcal/mol)

wild-type rat OM 85.5( 0.5 2.04( 0.08 1.31( 0.02 2.4( 0.2 3.2( 0.1
I25L 84.7( 0.3 1.91( 0.03 c c c
A18S/I32L/L47R 81.2( 1.0 1.71( 0.02 1.13( 0.02 2.6( 0.2 2.9( 0.1
L71S 75.3( 0.4 1.40( 0.02 ∼0.3 c ∼0.8d

A18S/I32L/L47R/L71S 71.1( 0.9 1.13( 0.03 c c c
A18S/I25L/I32L/L47R/L71S 69.0( 0.9 0.97( 0.02 c c c
bovine Mc tryptic (this work) 67.6( 0.3 1.52( 0.02 1.63( 0.04 1.7( 0.2 2.7( 0.2
bovine Mc (lit.) 67.4( 0.7e ∼1.6f 1.9( 0.4f 2.8( 0.4f

a GdmSCN used in chemical denaturation studies at 25°C. b GdmCl used in chemical denaturation studies at 25°C. c Not determined.d Calculated
by multiplying the approximateCm value by the averagem values for the wild-type and A18S/I32L/L47R mutant proteins (see eq 2).e Determined
for the tryptic fragment (49). f Determined using a variant of bovine Mc apocytb5 containing 104 residues (50).

FIGURE 9: Data from GdmSCN-mediated chemical denaturation
of wild-type rat OM cytb5 (b), the tryptic fragment of wild-type
bovine Mc cyt b5 (9), and the A18S/I32L/L47 (O), L71S (4),
A18S/I32L/L47R/L71S (2), and A18S/I25L/I32L/L47R/L71S (0)
mutants of rat OM cytb5. All measurements were performed at
25 °C in 30 mM MOPS buffer, pH 7.0.

11578 Biochemistry, Vol. 41, No. 39, 2002 Cowley et al.



GdmSCN surpassed the amount needed to fully unfold the
protein as determined by the absence of further decreases in
absorbance at 412 nm. To examine this situation further, we
performed refolding experiments with wild-type rat OM cyt
b5 and the A18S/I32L/L47R/L71S quadruple mutant. Each
protein was incubated for 1 h in a solution containing the
minimum concentration of GdmSCN needed to cause
complete denaturation (2.5 M for rat OM cytb5; 1.5 M for
the quadruple mutant) and then was diluted to nondenaturing
conditions. Whereasg95% of the quadruple mutant refolded
upon dilution, less than 60% refolding was observed for the
wild-type protein. A sample of the quadruple mutant
denatured with 2.5 M GdmSCN also exhibited less than 60%
refolding upon return to native conditions. These results
suggest that hemin remains associated with the unfolded
protein at low denaturant concentrations, which is favorable
for refolding, but is released at higher [GdmSCN], resulting
in hemin aggregation upon dilution, which is not conducive
to refolding. Similar findings have been recently reported
for Mb denatured with GdmCl (57), thus providing support
to our hypothesis. Consequently, the chemical denaturation
reactions are probably best described by the three-state
equilibrium in eq 10. Studies aimed at better understanding
the mechanism of cytb5 unfolding in chemical denaturation
experiments are presently underway in our laboratories.

Because the mechanism of GdmSCN-mediated chemical
denaturation has not yet been firmly established and may in
fact differ across the range of proteins examined, we report
herein only the concentration of GdmSCN at which each
protein is 50% unfolded (Cm values in Table 4). Differences
in Cm values among various mutants of a protein are
generally considered to be good indicators of relative
thermodynamic stability (58). Hence, the chemical denatur-
ation data indicate that the thermodynamic stability of rat
OM cyt b5 and its mutants decreases in the order wild
type > I25L > A18S/I32L/L47R> L71S > A18S/I32L/
L47R/L71S> A18S/I25L/I32L/L47R/L71S, identical to the
order indicated in thermal denaturation studies. The results
of these experiments clearly show that replacing the residues
comprising the two hydrophobic clusters in rat OM cytb5

with the corresponding residues in the bovine Mc protein
results in significant destabilization of the protein. However,
the data also yield the surprising result that the quintuple
mutant of rat OM cytb5 is less stable than the bovine Mc
isoform, the protein which served as the template for its
creation. Other, as yet unidentified, differences in structure
between the two proteins clearly exert compensating effects.

To better understand the results of chemical denaturation
experiments with the holoproteins, we investigated the
stability of the corresponding apoproteins. GdmCl was used
as the denaturant in these studies, and protein unfolding was
monitored by fluorescence spectroscopy, which indicates
changes in the environment of the invariant residue Trp-22.
Plots relating the fraction of folded apoprotein vs [GdmCl]
for the proteins examined in this study are shown in Figure
10. Comparing the results for the wild-type rat OM and
bovine Mc apoproteins, we find that the denaturation curves
in each case fit very well to eq 1 (Figure 10), indicating that
unfolding in each case is cooperative and involves no
observable intermediates. Furthermore, fully denatured wild-
type rat OM and bovine Mc apocytb5 each exhibit greater
than 95% refolding upon dilution to native conditions as

determined by fluorescence spectroscopy, demonstrating that
the unfolding reactions are reversible. The denaturation data
we obtained for the bovine Mc apoprotein are nearly identical
to results reported by Manyusa and Whitford for a longer
variant of the bovine Mc apoprotein (50). Interestingly, the
Cm value for bovine Mc apocytb5 is greater than that of the
rat OM apoprotein, despite being slightly less stable (Table
4). The reason for this apparent discrepancy is that the
transition from native to denatured protein occurs over a
wider range of GdmCl concentrations for bovine Mc apocyt
b5 than for the wild-type rat OM apoprotein, thus leading to
a significantly smaller value ofm.

It is important to note that well-defined native baselines
were not obtained for either wild-type protein, and for this
reason we believe that it is best to regard the data reported
for them in Table 4 as estimates. Furthermore, additional
experimentation is required in order to firmly establish
whether the unfolding reactions for these apoproteins are
described by two-state equilibria. However, results reported
for rat (59) and rabbit (60) Mc apocytochromesb5 suggest
that such a scenario is likely. These and other issues relating
to the stability of the rat OM and bovine Mc apoproteins
will be the focus of future studies.

Disruption of the originally identified hydrophobic cluster
in rat OM cyt b5 by way of the A18S/I32L/L47R triple
mutant causes essentially no change in apoprotein stability
relative to the wild-type apoprotein. In stark contrast, the
L71S mutant apoprotein is not fully folded in water, as
evidenced by the complete absence of a plateau region at
low denaturant concentrations in the plot of fluorescence
intensity vs [GdmCl] (Figure 10). Further evidence is
provided by the fact that the change in fluorescence emission
intensity upon complete denaturation of the L71S apoprotein
is approximately 80% of that observed for the wild-type and
triple mutant apoproteins, indicating that the protein is about
20% denatured in aqueous solution. Plateau regions at low

FIGURE 10: Data from GdmCl-mediated chemical denaturation of
wild-type rat OM apocytb5 (b), the tryptic fragment of wild-type
bovine Mc apocytb5 (9), and the A18S/I32L/L47 (O), L71S (4),
A18S/I32L/L47R/L71S (2), and A18S/I25L/I32L/L47R/L71S (0)
mutants of rat OM apocytb5. All measurements were performed
at 25 °C in 30 mM MOPS buffer, pH 7.0. The lines through the
data points for the first three proteins represent the best fit of the
data to eq 1. The fraction folded indicated for the last three proteins
is estimated on the basis of the overall change in fluorescence
intensity upon complete unfolding of those proteins compared to
the values obtained for wild-type rat OM cytb5 and the A18S/
I32L/L47R triple mutant.
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denaturant concentration are also absent for the A18S/I32L/
L47R/L71S quadruple and A18S/I25L/I32L/L47R/L71S
quintuple mutant apoproteins (Figure 10). Changes in
fluorescence intensity upon complete denaturation for these
mutant apoproteins are even smaller than for the L71S mutant
(50% and 25%, respectively, relative to the magnitude
observed for the wild-type and triple mutant apoproteins),
suggesting that they are even less stable.

On the basis of the results described above, it is evident
that the two hydrophobic clusters in rat OM cytb5 play key
roles in stabilizing its fold both in the presence and in the
absence of heme, with Leu-71 being of particular importance.
We surmise that Leu-71 performs its stabilizing roles in the
apo- and holoproteins in the same way, namely, through
hydrophobic interactions. In the apoprotein, these would
include interactions with the side chains of Phe-58 and Ile-
25. The substantially diminished stabilities of the rat OM
cyt b5 apoproteins containing Ser-71 relative to the wild-
type apoprotein are nonetheless puzzling, considering that
(1) the wild-type rat OM and bovine Mc apoproteins exhibit
similar thermodynamic stabilities (Table 4) and (2) bovine
Mc apocytb5 contains the residues that have been introduced
into the rat OM protein. On the basis of these considerations,
we can conclude that stabilization of bovine Mc apocytb5

derives from an alternate set of interactions between amino
acid side chains.

Concluding Remarks.The mutants of rat OM cytb5 that
have been discussed in this paper were generated with the
intention of replacing two distinct hydrophobic clusters with
the corresponding regions of mammalian Mc cytochromes
b5. This is part of a larger effort aimed at engineering the
stability and hemin-binding properties of bovine Mc cytb5

into rat OM cyt b5 to identify the structural factors
responsible for the remarkable differences between the two
proteins. As demonstrated in our discussion of the X-ray
crystal structure of the quintuple mutant, in which replace-
ment of the hydrophobic clusters is complete, we have been
successful in introducing the desired structural elements. We
conducted this investigation under the assumption that the
hydrophobic clusters contribute to the greater stability of the
rat OM protein and that they might also be responsible for
the higher kinetic barriers for hemin release and hemin
reorientation. The results of our hemin transfer, hemin
reorientation, and protein stability studies support these
predictions. In fact, comparing the data in Tables 2-4
indicates that decreases in protein stability correlate rather
well with increasing rates of hemin transfer and hemin
reorientation attained upon gradual disruption of the two
hydrophobic networks in the rat OM protein. It is intriguing,
however, that the rat OM quintuple mutant, although less
stable than bovine Mc cytb5, exhibits considerably slower
rates of hemin transfer and hemin reorientation at pH 7.0.
Additional factors clearly contribute to the remaining dif-
ferences in biophysical properties that distinguish the quin-
tuple mutant from the bovine Mc protein. This is further
illustrated by the observation that the quintuple mutant
apoprotein and all other mutant apoproteins containing Ser
at position 71 are much less stable than bovine Mc apocyt
b5, even though wild-type rat OM and bovine Mc apocytb5

exhibit similar stabilities as determined in chemical dena-
turation experiments. This finding has highlighted the
unexpectedly critical role of Leu-71 in stabilizing the fold

of rat OM cyt b5 in the absence of heme, a role that likely
involves key hydrophobic interactions with the side chains
of Phe-58 and Ile-25. The absence of corresponding interac-
tions in bovine Mc apocytb5 and other mammalian Mc
apocytochromesb5, which contain Ser at position 71,
indicates that stabilization of their folds must be ac-
complished by alternative means. Hence, in addition to aiding
us in better understanding the properties of rat OM cytb5,
the studies described herein have revealed yet another critical
difference between this protein and the mammalian Mc
isoforms.
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