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ABSTRACT: Conformational changes and long-range effects are often observed in proteins when they
associate with their ligands. In many cases, these structural perturbations are essential to function, and
they are the result of complex networks of interactions. Here we used cytochromeb5, a protein that
undergoes extensive structural rearrangement upon heme binding, to seek a relationship between affinity
for the cofactor and extent of refolding induced by its binding. Three variants of the water-soluble domain
of the rat microsomal protein were chosen to affect the stability of the apoprotein or the holoprotein.
Sequence alterations were introduced in the heme binding loop (type I mutations, D60R and55TENFED
f 55TEPFEED, or PE), which is largely unstructured in the apoprotein state, and in the folded core of the
apoprotein (type II mutation, P81A). Thermal and chemical denaturation experiments and heme transfer
experiments were performed on these proteins. Type I mutations left the thermodynamic stability of the
apoprotein unchanged. The first mutation (D60R) stabilized the holoprotein in a probable manifestation
of enhanced helical propensity or improved electrostatic interactions. The second mutation (PE) decreased
heme affinity and holoprotein stability in concert. For this protein, heme transfer experiments could be
used to estimate the rate constant of heme loss from each of the heme orientational isomers. In contrast,
the type II mutation resulted in a marked destabilization of the apoprotein but an intermediate effect on
the holoprotein stability and heme affinity. These data supported that heme affinity could be modulated
by the apoprotein stability and by specific residues remote from the heme binding site.

The ability of proteins to alter their conformational and
dynamic properties as a result of association with substrates,
cofactors, allosteric effectors, and other small molecules is
often essential for their correct function. Although the im-
portance of this modulation mechanism has been recognized
for a long time, it remains a challenge to describe the ways
in which binding at a specific site is controlled, how it is
sensed throughout a structure, and how various parts of a
protein communicate with one another in response to the
association reaction (1-4). The thermodynamic contribution
of conformational changes caused by binding can be ac-
counted for in a simple Gibbs energy diagram. Figure 1A
illustrates a lock-and-key model by which a fictitious apo-
protein (a′) is fully folded into one cooperative unit and
poised to establish the favorable interactions that the cofactor
(h) will develop in the holoprotein (H) state. In Figure 1B,
the apoprotein (a) is not properly conformed; compared to
this state, thea′ state lies energetically uphill and is not nec-
essarily populated under the same solution conditions. Inter-
actions with the cofactor are fully developed from thea′ state,
resulting in a net affinity for the cofactor lower in case B
than in case A. Although of no mechanistic value (i.e., state
a′ need not be on pathway in the association reaction (3,
5)), this description of binding serves as a useful reference
framework and suggests that induced refolding can provide
a means of tuning cofactor affinity. Thus, by altering statea
so that structurally it resembles more closely the fictitious
a′ state, a gain in net binding energy may be achieved.

Many heme-binding proteins undergo a conformational
change upon associating with the heme as a cofactor (6-8)
or a substrate (9). This perturbation, which is generally
manifested in the refolding of secondary structural elements,
in the repacking of side chains, and in distributed adjustments
of internal motions, varies depending on the protein. For
example, in sperm whale myoglobin, most of the structural
changes are localized in the proximal region, in particular
in and near the F helix (10), whereas in the cyanobacterial
hemoglobin fromSynechocystis, the apoprotein has molten
globular properties under native conditions (11). At the other
extreme of behavior, the hemophore HasA shows little
conformational rearrangement upon binding its heme cargo
(12). To understand better the determinants of structure in
apob hemoproteins and the range of behavior they display,
it is necessary to explore the relationship among binding site
preorganization, protein stability, and heme affinity.

Several factors contribute to the binding energy of the
heme group (13). It is hydrophobic and partitions into a
nonpolar protein interior in preference to aqueous solvent,
but in the majority of b hemoproteins, the heme also
establishes multiple specific interactions. These are coordina-
tion bond(s) to the iron ion, van der Waals contacts between
the planar porphyrin ring and protein side chains, and
electrostatic interactions involving the heme propionate
substituents and positively charged protein residues. These
interactions, which result in the preferential binding of heme
and heme-like molecules, require a precise arrangement of
protein backbone and side chains.

In the present work, we investigate aspects of stability and
cofactor affinity with cytochromeb5, a protein that exhibits
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a striking apo to holo transition. The rat liver microsomal
variant of interest contains a 98-residue water-soluble
domain, which binds one molecule of iron-protoporphyrin
IX with two axial ligands, His39 and His63. The holoprotein
has anRâ fold of complicated topology depicted in Figure
2 (14, 15). The heme group is normally seated in an imperfect
four-R-helical bundle, and this region of the structure requires
the cofactor for maintenance of the fold. Specifically, the
holoprotein secondary structure is described by elements
â1-R1-â3-â4-R2-R3-â5-R4-R5-â2-R6 but is reduced in the
apoprotein toâ1-R1-â3-â4-R2-(R5)-â2-(R6), where paren-
theses indicate incomplete formation (16).

The holoprotein architecture contains two hydrophobic
cores (14), core 1 comprising several residues of the heme
binding pocket and core 2 consisting of residues remote from
the heme site. The latter core is folded in the apoprotein (7)
and forms a structural scaffold. This description is comple-
mented by the analysis of backbone dynamics by NMR
methods, which demonstrate a wide range of motional time
scales in the disordered heme-binding site (17). Interestingly,
one of the axial heme ligands to be, His39, appears confined
to a small portion of the conformational space in the apo-
protein, whereas the other, His63, samples a larger volume
(18). The two residues have different pKa’s (19) arising from

primary and higher-order structural differences and are
thought to play distinct roles in the mechanism of heme
binding (20).

Cytochromeb5 denaturation is a cooperative process that
is generally modeled by considering only two states. The
cooperative unit encompasses the whole protein when the
heme is present and only the scaffold of core 2 in its absence.
With these two-state analyses, the apoprotein thermodynamic
stability is several kilojoules lower than that of the holo-
protein (21). Mutations in the scaffold can lower the midpoint
of the apoprotein thermal denaturation transition (22). Not
surprisingly, certain mutations in the heme-binding site can
affect the affinity for the heme and destabilize the holoprotein
(23). This is particularly obvious if a heme axial ligand is
replaced (16, 20, 24). Here, we pursue amino acid replace-
ments in the folded and unfolded regions of apocytochrome
b5. We chose two secondary structural elements for our
analysis: R6, which in the wild-type holoprotein makes no
contact with the heme group and is stabilized by an
N-capping interaction compromised in the apoprotein (25),
andR4, which ends with axial residue His63 and is largely
unfolded in the apoprotein (16). Although the interpretation
of b hemoprotein denaturation data requires departure from
a simple two-state framework, our evaluation suggested a
possible connection among the stabilities of the holoprotein
and apoprotein and heme affinity and detected subtle long-
range effects through the protein.

MATERIALS AND METHODS

Protein Expression and Purification.The genes for D60R,
P81A, and55TENFED f 55TEPFEED (henceforth PE for
short)1 of rat microsomal cytochromeb5 were obtained from
the wild-type gene (18) using a PCR mutagenesis protocol

1 Abbreviations: 2QF-COSY, double-quantum-filtered correlated
spectroscopy; CD, circular dichroism; DEAE, diethylaminoethane;
EDTA, ethylenediaminetetraacetic acid; ESI, electrospray ionization;
IPTG, isopropylâ-thiogalactoside; MRE, molar residual ellipticity;
NOESY, nuclear Overhauser effect spectroscopy; PCR, polymerase
chain reaction; PE, replacement and insertion55TENFED f
55TEPFEED; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis; TOCSY, totally correlated spectroscopy; Tris, tris-
(hydroxymethyl)aminomethane; WATERGATE, water suppression by
gradient-tailored excitation.

FIGURE 1: Free energy diagrams representing the different states
of a hemoprotein.H is the holoprotein;a′ is a fictitious apoprotein
that is folded in a conformation requiring no rearrangement upon
heme binding;a is the actual, partially folded apoprotein;u is the
unfolded state;ah is a folded “apoprotein” state with heme
nonspecifically bound;uh is an unfolded state with heme nonspe-
cifically bound;h represents free heme. Native conditions, room
temperature, and standard conditions of pressure and concentrations
are assumed; the diagrams are not drawn to scale. In panel A (“lock-
and-key”), the dashed arrow represents the affinity for the heme
group. In panel B (“induced fit” or “conformational capture”
scheme), the same energy is represented with a dashed arrow
connecting the fictitious fully folded apoprotein state to the
holoprotein state. The net affinity for the heme (solid arrow) is the
difference between this maximum affinity and thea f a′ refolding
energy. In panel C, two additional states are included to allow for
nonspecific association of the heme with folded (ah) and unfolded
(uh) peptide. The down arrows indicate this nonspecific binding.
In panel D, the various equilibria are represented with their Gibbs
free energy differences. In each case, the final state lies on the right
(horizontal steps) or at the bottom (vertical steps); the top row gives
quantities in the absence of heme (superscript “o”); the bottom row
gives quantities with an equimolar amount of heme (superscript
“h”); vertical and diagonal processes refer to nonspecific (subscript
“ns”) or specific (subscript “s”) heme binding energies. The
hypothetical statea′ is included for parallel with the scheme in
panel B.

FIGURE 2: Minimized average NMR structure of the water-soluble
domain of oxidized rat microsomal cytochromeb5 (1aw3; 15).
Hydrophobic cores 1 and 2 (14) are indicated by circles. The
residues of interest to this study are shown.
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based on the QuickChange method (Stratagene, La Jolla,
CA). Oligonucleotides were purchased from Integrated DNA
Technologies Inc. (Coralville, IA). Plasmids were introduced
into competent DH5R Escherichia colicells; after replication
and purification (Qiagen Plasmid Miniprep Kit, Qiagen,
Valencia, CA), the DNA sequences were confirmed at the
Penn State Nucleic Acid Facility (University Park, PA).
Further steps were essentially as described elsewhere (16,
18). Plasmid DNA was introduced into BL21 DE3E. coli
cells (Novagen, Madison, WI), which were grown in M9
minimal medium in the presence of ampicillin (0.05
mg/mL). Protein expression was induced using IPTG (final
concentration of 0.5 mM) when the optical density of the
cell culture was approximately 0.8 at 600 nm. Cells were
allowed to grow for an additional 5-6 h postinduction. The
cell pellets obtained by centrifugation were resuspended in
buffer (50 mM Tris, 1 mM EDTA, pH 7.5) and subsequently
lysed by ultrasonication (Fisher Scientific, Pittsburgh, PA;
model 60 sonic dismembrator). The cell-free extract was
centrifuged, and the supernatant was titrated with a concen-
trated (50 mg/mL in 0.1 M NaOH) bovine hemin (Sigma-
Aldrich Chemicals, St. Louis, MO) solution. Excess heme
was removed by centrifugation after lowering the pH to 6.
The supernatant was filtered through a 0.45µm Tuffryn
membrane filter (Pall Corp., Ann Arbor, MI) and further
purified on a DEAE Sephacel anion-exchange chromatog-
raphy column (Amersham Biosciences, Piscataway, NJ)
using a NaCl gradient (0-0.4 M NaCl in buffer for elution.
Additional purification was performed using a G-50 fine resin
size-exclusion chromatography column (Amersham Bio-
sciences) and was verified by SDS-PAGE (>95% pure).
UV-vis spectrophotometry returnedA414/A280 ratios higher
than 6. Typical yields were about 50 mg of pure holoprotein
per liter of growth medium. The purity and identity of each
protein were confirmed by ESI mass spectrometry analysis.

Ferric holoprotein concentrations were estimated using an
extinction coefficient (ε) of 130 mM-1 cm-1 at the Soret
maximum (26). Because heme binding appeared abnormal
in the PE variant, itsε value was confirmed with the
hemochromogen assay (27, 28). The result was 131( 3
mM-1 cm-1 at 413 nm, within error of the wild-type protein.

Apoproteins were prepared from their respective holopro-
teins by repeated extraction of heme with butanone under
acidic (pH 2.5) conditions (29). After extensive dialysis
against water, the apoprotein solutions were either lyophilized
or exchanged in buffer for immediate use. Apoprotein
concentrations were calculated withε ) 10.6 mM-1 cm-1

at 280 nm (30).
Thermal Denaturation.Apoprotein samples (e100 µM)

and holoprotein samples (e10µM) were prepared in 20 mM
phosphate buffer, pH 7.2. UV-visible data were collected
on an AVIV (Lakewood, NJ) model 14 DS spectrophotom-
eter equipped with a Pelletier thermoelectric device for
temperature control. Spectra (440-260 nm) were obtained
every 2°C starting at 10°C up to 90°C with an equilibration
period of 3 min, which was verified to be sufficient. The
reversibility of the unfolding reaction was tested by returning
to the starting temperature while collecting spectra every 2
°C. Reversibility was 95-100% for all apoproteins and 70%
and below for the holoproteins. For the apoproteins, the
maximum difference in absorbance upon unfolding occurred
at wavelengths between 283 and 287 nm. For the holopro-

teins, the Soret maximum (413 nm) was used. Data were
analyzed by fitting to a modified Gibbs-Helmholtz equation
as described elsewhere (31-33) using NFIT (University of
Texas, Galveston, TX). In the fitting,∆Cp was held constant
at 6.2 (holoproteins) and 4.2 kJ mol-1 K-1 (apoproteins).
These values (21) were expected to be close to the actual
value and when changed within reason did not influence the
results significantly.

Urea Denaturation.Stock solutions of high concentration
(∼10 M) urea (Ultrapure Urea, ICN Biochemicals Inc.,
Aurora, OH) were prepared and purified on a mixed bed
resin column (Bio-Rad Laboratories Inc., Hercules, CA).
Aliquots were either used immediately or frozen at-20 °C
for later experiments. Titrations were performed with a
computer-controlled Hamilton Microlab titrator. The protein
concentration was 10-25 µM in 20 mM phosphate buffer
(pH ≈ 7.4), and the samples were maintained at 25°C. The
urea concentration in the denatured protein solution (∼9.5
M) and in the protein solution at the end of the titration was
determined by measuring the refractive indices of the solution
with a Leica (Bannockburn, IL) Abbe Mark II Plus refrac-
tometer (33, 34). In all titrations, two protein solutions of
the same concentration were used, one with denaturant and
one without. The titration started with the denaturant-free
protein solution in the cuvette placed in the spectropolarim-
eter. After data were collected, a predetermined volume of
solution was removed from the cuvette and replaced with
an equal volume of denatured protein solution. The mixture
was left to equilibrate for 5 min with stirring, data were
collected, and the procedure was repeated. This titration
protocol was found to be satisfactory when compared to
manual titrations performed with an equilibration time of
20 h as reported by others (35). Far-UV circular dichroism
spectra were collected from 210 to 250 nm on an AVIV
model 62 DS circular dichroism spectropolarimeter. Raw data
were corrected by subtracting values collected for buffer over
the same wavelength interval and converted into molar
residual ellipticity (MRE). Data analysis was performed using
MRE values at 222 or 223 nm and the program SAVUKA
(36). A linear free energy relation and a two-state equation
(33) were used to fit the MRE data.

Thermodynamic Analysis of Denaturation.The two-state
analyses imposed on the data yield an apparent fractionF
of folded protein given by

In the case of the apoprotein, the denaturation process is
represented bya / u, KU is equal to 1/Kf

o,a, and the
standard Gibbs free energy associated withKU is -∆Gf

o,a in
Figure 1D. In the case of the holoprotein monitored in the
Soret band,KU is a complex ad hoc parameter because the
process involves more than two states (Figure 1C,D). In terms
of species concentrations, the apparent fraction of folded
holoprotein is, at the simplest,

where [H] stands for holoprotein concentration, regardless
of heme orientation (see below). Equation 2 assumes that

F ) 1
1 + KU

(1)

FH )
[H]

[H] + [a] + [ah] + [u] + [uh]
(2)
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(i) there are no folding intermediates and that (ii) because
the solutions are dilute and the protein/heme ratio is equal
to 1, there are no additional equilibria involving the heme
group. At this stage, further assumptions are made: (iii) [a]
, [ah] and [u], [uh] owing to the low solubility of heme
in aqueous solutions and its high nonspecific affinity for
proteins and (iv) speciesah and uh have identical heme
optical properties. Equation 2 can be recast in a partition
function (Q) format using [H] as the reference concentration
and simplified to

where the equilibrium constants refer to the nonspecific
association of heme with folded apoprotein (Kns

a ) or un-
folded protein (Kns

u ), the specific binding of heme to folded
apoprotein (Ks

a), and the folding of the apoprotein (Kf
o,a).

Equation 3 captures the observation that no protein concen-
tration dependence is observed in the denaturation experi-
ments. The constants inQ are functions of temperature and
denaturant concentration; as the conditions change, the
weight of the two terms in which they participate varies.
For holoproteins with a thermally stable apoprotein,Kf

o,a is
large under native conditions andKU(25 °C) is close to the
ratio of nonspecific to specific binding constants of heme to
folded apoprotein (37). For variants with unstable apoprotein,
Kf

o,a is small, and the third term inQ is not negligible. For
example, if Kf

o,a(25 °C) ) 1 and a single nonspecific
association constant applies (Kns

a ) Kns
u ) Kns), KU )

2Kns/Ks
a and ∆GU underestimates∆Gns - ∆Gs

a by 1.7 kJ
mol-1. The interpretation ofTm and ∆GU is therefore not
straightforward.

In the case of the holoprotein monitored for the presence
of secondary structure, the observed signal is contributed by
H, ah, anduh. Two-state behavior is expected if the stabilities
are such that when the heme dissociates the apoprotein finds
itself under strongly denaturing conditions. If the apoprotein
and holoprotein thermal denaturation curves overlap,ahmay
be populated through the transition. Intermediates with
specifically bound heme but partially folded protein (iH
species) could also be present and affect the curves.

NMR Spectroscopy.All NMR data were collected on a
Bruker DRX-600 spectrometer (14.1 T, operating at a1H
frequency of 600.05 MHz). For assignment purposes, sample
concentrations were between 1 and 2 mM (20 mM phos-
phate buffer, pH 7.2-7.5, 25°C). Two-dimensional NMR
experiments (2QF-COSY, relaxation compensated TOCSY,
and NOESY) were performed as detailed in prior work
(17) with adjustment for the field strength as necessary.
Water suppression was achieved by presaturation or with a
WATERGATE sequence (38, 39). Data were analyzed using
XWIN-NMR (Bruker BioSpin, Rheinstetten, Germany).

Heme Transfer Experiments.These experiments were used
to rank the variants according to their heme affinity at 25
°C. Pairs of heme donor and acceptor proteins were selected
that have distinct hyperfine holoprotein1H NMR spectra.
Separate solutions of acceptor and donor proteins were
prepared with concentrations ranging between 0.5 and 1.7

mM (20 mM phosphate buffer,1H2O 90%/2H2O 10%, pH
7.2-7.5). For example, in the holo PE/apo wild-type transfer
experiments, four different sets of final concentration of
proteins were studied, comprised of two sets of excess of
holo PE (1.07 mM/0.91 mM and 0.65 mM/0.48 mM), an
excess of the apo wild-type protein (0.71 mM/1.69 mM),
and near-equivalent concentrations of both proteins (0.47
mM/0.52 mM).

Typically, a known volume of one of the two solutions
was delivered to an NMR tube. The partner protein was then
added in appropriate volume to obtain the desired final
concentrations of the two proteins; the resulting solution was
mixed, and NMR data collection was initiated as rapidly as
possible. Successive one-dimensional spectra were recorded
over a period of 24-48 h. At first, data were accumulated
over consecutive 3-min periods with a recycling time
ensuring the correct integration of the heme signals. At later
times, the number of transients was doubled to improve the
signal-to-noise ratio, and the spectra were separated by longer
delays.

UV-vis absorption spectra of the stock solution of the
donor protein, stock solution of the acceptor protein, and
NMR sample after the transfer period were recorded. Because
the apo and holoprotein optical spectra were not affected by
the mutation and there was no free heme in solution either
at the beginning or at the end of the experiment, the spectrum
of the equilibrated mixture could, as a control, be deconvo-
luted into a holoprotein component (measuring total heme
and reflecting the initial concentration of the donor protein)
and an apoprotein component (measuring the initial acceptor
protein concentration).

NMR data were processed with 20-Hz line broadening.
The signals of interest were simulated in each spectrum with
a set of adjustable Lorentzian lines using the program DmFit
(40). Peak areas were attributed a time value corresponding
to the middle of the acquisition period for that spectrum on
the observation that the heme transfer was slow enough to
result in a linear dependence of the concentrations over that
period.

Heme transfer is represented as holo-donor+ apo-acceptor
/ apo-donor+ holo-acceptor or

The apparent equilibrium constant for heme dissociation from
a donor holoprotein is given by

where h represents the free heme group. Similarly, the
apparent equilibrium constant for the dissociation of heme
from the acceptor protein is

In mixtures of donor and acceptor proteins, [h] is common
to both equilibria, and hence the ratio of the two constants
can be reduced to

FH ) 1
Q

) 1

1 +
Kns

a

Ks
a

+
Kns

u

Ks
aKf

o,a

(3)

DH + A / D + AH (4)

K1 )
[D][h]

[DH]
(5a)

K2 )
[A][h]

[AH]
(5b)

K1

K2
)

[D][AH]

[DH][A]
(6)
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The K1 and K2 constants are apparent quantities in part
because for each holoprotein there are two possible heme
orientations within the binding site, yielding isomer A (DHA

or AHA) and isomer B (DHB or AHB) having different heme
affinities; the holoprotein concentrations are therefore [DH]
) [DHA] + [DHB] and [AH] ) [AHA] + [AHB]. In eqs 5a
and 5b, no discrimination was made for the A and B isomers.
Although eq 6 was applied to rank the variants, the ratio
K1/K2 was not used quantitatively because of the large errors
originating from concentration determinations.

The time course of the concentrations during heme transfer
can be reproduced with four reversible heme loss steps, one
for each of the possible holoproteins, for example,

This set of phenomenological equations does not account
for all states that may be transiently formed in solution. For
example, heme reorientation is expected to involve species
that do not release the heme completely in solution (sim-
ilar to stateah mentioned above). In addition, direct inter-
actions between donor and acceptor proteins are possible.
Nevertheless, the simplified interpretation of the transfer
reaction resulted in satisfactory fits and allowed for the
determination of the rate of heme loss from PE cytochrome
b5. The evolution of the relative concentrations throughout
the exchange process was simulated using the software
KinTekSim (41, 42).

RESULTS AND DISCUSSION

Wild-Type Cytochrome b5. Ferric holocytochromeb5 gives
high-quality NMR spectra that have been extensively ana-
lyzed by others (43, 44). The downfield region containing
hyperfine-shifted signals used in this work is shown in
Figure 3. This figure also illustrates the presence of the
heme orientational isomers commonly found inb hemopro-
teins. The two forms are related by a rotation of 180° around
the R,γ-meso axis of the heme (45) as schematized in Fig-
ure 4. Spectral assignments are available for both isomers
(46, 47) and the A/B isomer ratio can be determined by
comparing the integrated intensity of the 3-CH3 B signal
and the 2-R-vinyl A signal (Figure 3). In the equilibrated

samples considered here, the A/B ratio was∼3:2 at neutral
pH and 25°C, as reported by others (43). Immediately after
reconstitution of the apoprotein with heme, the ratio of
heme isomers was nearly 1:1 (not shown). The reorienta-
tion process in the wild-type protein required days at neu-
tral pH.

The thermal denaturation of apocytochromeb5 is revers-
ible, and reliable thermodynamic data based on a two-state
analysis can be extracted from the curves (16, 21-23). The
experiment yields the standard Gibbs energy difference
betweena andu in Figure 1. The thermal unfolding of the
wild-type holoprotein was monitored for comparison with
other proteins studied in the present work. In the simplest
model that couples binding with refolding, the denaturation
process would yield the Gibbs energy difference betweenH
andu+h in Figure 1B, and a dependence on concentration
would be observed. However, this model is not appropriate
because of the fate of the heme, which remains nonspecifi-
cally associated with the polypeptide under a wide range of
conditions. Nonspecifically associated states have been
considered in the unfolding of cytochromeb562 (48), cyto-
chromeb5 (23) and myoglobin (49-51) and are included in
Figure 1C,D asuhandah. In effect, these states can decouple
apoprotein and holoprotein stability (37). In addition to this
complicating factor, other considerations apply: The holo-
protein is a mixture of A and B isomers generally endowed
with different heme affinity, and empirically, the thermal
process is not completely reversible. Because of these
peculiarities ofb hemoproteins, estimated Gibbs free energy
differences based on two-state analyses are often provided
only as a means to compare curves collected under the same
experimental protocol, a practice that will be followed here.
Table 1 contains the relevant information.

PE Cytochrome b5. For our purposes, the tested variants
are classified into type I and type II depending on the
proximity of the mutation to core 1 (almost completely
unfolded in the apoprotein state) or core 2 (almost completely
folded in the apoprotein state), respectively. HelixR4
(55TENFED), which precedes one of the ligating histidine
residues (H63), has a low propensity to form (52, 53). We
opted to reduce this propensity further by changing one
residue (N57fP) and inserting another (E between E59 and
D60) to obtain the sequence55TEPFEED. This type I variant

FIGURE 3: Downfield hyperfine-shifted region of the1H NMR
spectrum of (A) wild-type, (B) PE, (C) P81A, and (D) D60R
holocytochromeb5. Peaks labeled 1, 2, and 3 correspond to the
heme 3-CH3 of the minor (or B) isomer, the heme 2R-vinyl of the
major (or A) isomer, and the heme 8-CH3 of the minor isomer,
respectively. PE holocytochromeb5 exhibits broad and shifted lines
compared to the other spectra. Dashed lines connect peaks with
identical assignments in PE and the wild-type protein. Conditions
were pH≈ 7.2, 25°C, 1.0-2.5 mM protein.

FIGURE 4: Structure of the heme group with the nomenclature used
in this work. The major (A) and minor (B) heme orientational
isomers are related by a 180° rotation about theR,γ-meso axis.
They are defined with respect to position in the protein, with the
A isomer having Phe35 on theδ meso side of the heme and Val45
on theâ meso side. The B isomer has the interchanged heme/protein
relationship.

DHA y\z
koff,DA

kon,DA

D + h (7a-d)
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is referred to as PE cytochromeb5. The proton NMR spectra
of PE apocytochromeb5 were practically indistinguishable
from those of wild-type apocytochromeb5 (not shown).
Figure 5 illustrates the denaturation curve, which was within
error of that from the wild-type protein (Table 1). These
observations supported the view that an alteration of the
sequence in the disordered region of the apoprotein had no
consequence for the thermodynamic stability of the folded
core, and it therefore argued for independence of the two
protein regions.

Ferric PE holocytochromeb5 showed an NMR spectrum
that was significantly perturbed (Figure 3), a useful property
in the heme transfer experiments described below. Differ-
ences were observed in hyperfine shifts and line widths, the
latter feature suggesting changes in the dynamic properties
of the protein. Two-dimensional NMR data were recorded
to assign the heme signals in a procedure typically used for
hemoglobins and cytochromes (54). It was determined that
the two most shifted signals in Figure 3B corresponded to
the 3-CH3 in the B isomer and the 2-R-vinyl in the A isomer,
as in the wild-type spectrum. Integration of these peaks
returned an A/B value of 3:2, unchanged compared to the
wild-type ratio. Remarkably, although helixR4 was likely
disrupted and the register of one of the axial residues (His63)
had changed, the heme was still bound in a low-spin (S )
1/2) fashion, and cyanide ions, when used in large excess,
did not displace His63 or His39.

Thermal and chemical (urea) denaturation experiments
(Figures 6 and 7, Table 1) revealed the lower stability of PE
holocytochromeb5 compared to the wild-type protein (∆Tm

≈ -12 °C and∆Cm ) -2.4 M). In the thermal experiments,
heme was lost from the mutant holoprotein under conditions
that were not fully denaturing to the apoprotein (Figures 5
and 6). Data simulations were performed with the assumption
that theah / uh equilibrium shared the properties of thea
/ u equilibrium determined via apoprotein denaturation; they
established that the presence of the ah species did not
contribute significantly to the properties of the curve dis-
played in Figure 6. In addition, when the thermal denaturation
was followed through changes in ellipticity at 220-224 nm
(not shown), the onset of the transition occurred at lower
temperatures than that observed with the Soret band, an
indication that the secondary structure of the heme binding
site may unravel readily in this variant. These aspects of the
PE protein will be pursued elsewhere.

D60R Cytochrome b5. A second type I variant (D60R) was
designed to increase the helical propensity ofR4. NMR data
recorded on the corresponding apo- and holoprotein sug-
gested no obvious structural differences compared to the
wild-type forms. Denaturing profiles indicated that the
apoprotein was as stable as the wild-type protein, as expected
for a type I mutation. In contrast, the holoprotein had aTm

elevated by 5°C over the wild-type protein (Figure 6, Table
1). The chemical denaturation of the holoprotein monitored

Table 1: Denaturation Parameters for Cytochromeb5 Variants

Tm (°C)a ∆H° atTm ∆G°b holo

holo apo holod apo holod apo mc ∆G°b

WT 70.0( 0.1 46.1( 0.6 345( 10 142( 6 26.2( 1.4 6.4( 0.4 3.9( 0.1 27.5( 0.8
PE 58.0( 0.1 44.5( 0.3 299( 1 139( 6 19.3( 0.1 6.1( 0.5 4.4( 0.2 20.0( 0.8
P81A 63.3( 0.1 25.7( 0.7 329( 6 62( 10 23.5( 0.7 0.1( 0.1 4.4( 0.2 22.7( 0.8
D60R 76.0( 0.1 46.9( 0.8 354( 8 150( 6 27.6( 1.1 7.0( 0.6 e >27.5e

a Midpoint of the thermal denaturation (20 mM phosphate, pH 7.2). Errors forTm and other quantities are from multiple runs.b In kJ mol-1, at
25 °C, and in the absence of urea.c In kJ mol-1 M-1. d These values are provided only as a way to compare the curves (see Materials and Methods).
e The data did not allow for an accurate determination of the unfolded baseline.

FIGURE 5: Thermal unfolding of D60R (4), PE (]), and P81A
(O) apocytochromeb5 monitored by UV absorbance spectroscopy.
The data were converted into a normalized plot using a two-state
model. The solid lines represent the result of the fits (Table 1).
The curve for the wild-type apoprotein falls between the PE and
D60R curves and is omitted for clarity. Conditions were pH 7.2 in
20 mM phosphate buffer with protein concentrationse100 µM.

FIGURE 6: Thermal denaturation of wild-type (0), D60R (4), PE
(]), and P81A (O) holocytochromeb5. The absorbance signal was
monitored at 413 nm as a function of temperature. The change in
the intensity of the Soret band illustrates the decoordination of His39
and His63 from the heme iron. The data were converted into a
normalized plot using a two-state model. The solid lines represent
the result of the fits (Table 1). Conditions were pH 7.2 in 20 mM
phosphate with protein concentrations∼10 µM.
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by CD suggested enhanced thermodynamic stability as well
(Figure 7).

P81A Cytochrome b5. The R6 helix of wild-type cyto-
chromeb5 starts with the sequence80HPDD and features an
N-capping H-bond between the ring of His80 (Nδ) and the
backbone amide hydrogen of Asp82 in the holoprotein state.
In the apoprotein, the N-capping interaction is kinetically
labile, andR6 exhibits slow conformational exchange on the
NMR chemical shift time scale (25). BecauseR6 is remote
from the heme binding site (Figure 2), its behavior illustrates
the long-range influence of heme binding. In prior work, it
was found that the double replacement H80A/P81A resulted
in a marked destabilization of the apoprotein despite the use
of residues favoring helical formation (22). In light of these
results, the type II P81A single mutant was chosen.

The thermal denaturation of the P81A apocytochromeb5

is illustrated in Figure 5. As observed for the other variants,
the transition was completely reversible; however, the P81A
apoprotein had such a low stability that the unfolded state
was significantly populated even at low temperature. The
destabilization was confirmed by NMR analysis, which
provided a spectrum typical of a mostly disordered protein
at 25°C. Ferric P81A holocytochromeb5 had a wild-type-
like 1H NMR spectrum (Figure 3). The similarity demon-
strated negligible perturbation of the heme electronic struc-
ture and therefore the structure of the binding site. Assignments
of the resolved signals were obtained by homonuclear
methods and the ratio of isomers (A/B) at equilibrium was
found to be unaltered. Compared to the wild-type holopro-
tein, P81A holocytochromeb5 was moderately destabilized.
The apo- and holoprotein denaturation transitions were well
separated, but the marginal stability of the apoprotein implied
that the holoprotein thermal denaturation curve was shifted
to lower temperatures in part because of this property (see
Materials and Methods).

Based on theTm’s estimated from thermal denaturation
experiments, the stabilities of holoproteins were in the order

D60R > wild-type > P81A > PE; this order was also
established with chemical denaturation. The apoprotein
stabilities were in the order wild-type≈ PE ≈ D60R >
P81A.

Heme Transfer Experiments. The denaturation results con-
firmed that an amino acid replacement could have differential
effects on the holo and apoprotein states. We considered next
the consequences for heme affinity. Equation 3 and the
ordering provided above suggested that heme affinity should
vary in the order D60R> wild-type > P81A> PE, in con-
cert with holoprotein stability. This expectation assumed that
the properties of speciesah were not significantly affected
by the changes in sequences. To establish a relative scale of
heme affinity, heme partitioning experiments were performed.
A solution of heme-bound protein (holoprotein, donor, DH)
and a solution of heme-free protein (apoprotein, acceptor,
A) were mixed, and the heme transfer from the donor to the
acceptor protein (eq 4) was monitored by NMR spectroscopy.
In the majority of experiments, PE holocytochromeb5 was
chosen as the donor because of its anticipated low heme
affinity and its distinctive heme signals (Figure 3).

The concentration of each heme-containing species (DH
and AH, distributed in minor and major isomers) was
obtained as a function of time by simulation of five heme
resonances in the1H spectrum (resolved in Figure 3; labeled
1, 2, and 3 in the wild-type spectrum, and 1 and 2 in the PE
spectrum). The total heme concentration, represented by the
appropriately weighted sum of these numbers, was constant
over the course of the experiment (deviation smaller than
5%), which indicated the absence of free heme in the
holoprotein preparations. After a period of time, the con-
centrations of the donor holoprotein (DH) and the acceptor
holoprotein (AH) reached a steady state. At this point, the
AH and DH concentrations reported on the relative heme
affinity. The equilibration of A and B isomers within the
acceptor protein required longer incubation times as will be
seen below.

PE Holocytochrome b5 Plus Wild-Type Apocytochrome b5.
When PE holocytochromeb5 was mixed with the wild-type
apoprotein, heme transfer was clearly demonstrated by losses
in the intensity of peaks corresponding to the PE holocyto-
chromeb5 (curves x and y in Figure 8) and gains in the
intensity of peaks corresponding to wild-type holocytochrome
b5 (curves p and q in Figure 8). The conditions for Figure
8A represented an excess of the donor over acceptor protein.
Heme transfer was completed within 3 h at neutral pH.
Beyond that time, curves p and q illustrated heme reorienta-
tion. In separate experiments, the concentrations of donor
and acceptor proteins were varied (e.g., Figure 8B).

In all cases, the loss of heme from the donor protein
occurred faster from the minor isomer (curve y) than the
major isomer (curve x). With a simple mechanism of heme
transfer (eqs 4 and 7a-d), a rate constant for heme loss (koff)
can be estimated for each of the A and B isomers. These
values were∼0.02 min-1 and ∼0.03 min-1, respectively.
The ratio of these rate constants matched that of the initial
isomer concentrations and indicated that the relative affinity
for the heme group was controlled bykoff. It is interesting to
note that isomer B of the acceptor protein appeared to be
populated at a faster rate than isomer A. This initial
incongruity in rates led to an excess of the B isomer, which
was dissipated after a period of equilibration by conversion

FIGURE 7: Urea denaturation of wild-type (0), D60R (4), PE (]),
and P81A (O) holocytochromeb5. The ellipticity was monitored
at 222 nm as a function of urea concentration. The data were
converted into a normalized plot using a two-state model. The solid
lines represent the result of the fits (Table 1). The line for the D60R
protein was drawn with parametersm ) 3.7 kJ mol-1 M-1 and
∆G° ) 30.6 kJ mol-1 to aid the eye. One representative data set is
shown per protein. Conditions were pH 7.2 in 20 mM phosphate
with protein concentrations between 10 and 25µM.
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to form A. Also noteworthy is the rate at which equilibration
takes place in the wild-type holoprotein under these condi-
tions. Although this rate is slow, it is faster than that in
solutions containing only reconstituted wild-type holoprotein.

As pointed out above, the distribution of the heme group
between wild-type and PE proteins at equilibrium and
knowledge of the protein concentrations should allow for a
measurement of relative heme affinities (eq 6). PE cyto-
chromeb5 had a heme affinity lower than that of wild-type
cytochromeb5 by a factor of at least 10. Experimental error
in the measurement of concentrations prevented a definitive
determination of the ratio.

PE Holocytochrome b5 Plus P81A Apocytochrome b5. The
heme transfer from PE holocytochromeb5 to P81A apocy-
tochromeb5 was also consistent with a rate-limiting step
corresponding to the release of the heme from the donor
protein. P81A apocytochromeb5 was the least stable of all
apoprotein variants studied here, but the heme affinity
obtained from the equilibrated mixtures was found to be in
favor of P81A cytochromeb5 polypeptide although lower
than that of the wild-type protein.

Wild-type Holocytochrome b5 Plus P81A Apocytochrome
b5. This combination was not experimentally favorable
because of the similarity of the holoprotein spectra and the
high heme affinity (slowkoff) of these two proteins. Only
minor amounts of P81A holocytochromeb5 were detected
after incubation of the mixture over 24 h.

P81A Holocytochrome b5 Plus PE Apocytochrome b5. The
heme transfer from P81A holocytochromeb5 to PE apocy-
tochromeb5 served as a control experiment. A slow reaction
was expected because of the comparatively high affinity of
P81A holocytochromeb5 (slow koff). After more than 24 h
at 25°C, there was evidence for the formation of some PE
holocytochromeb5; however, the concentration of the latter
was too low for quantification.

With the heme transfer experiments, the following affinity
order was established: wild-type> P81A> PE. The D60R
variant was expected to rank with the wild-type protein based
on the similarity of apo and holo stabilities and was not
tested. The shortcoming of these experiments is in the need
for accurate protein concentration measurements. On the
other hand, NMR spectroscopy brought to light an unsus-
pected feature of the transfer, by which the thermodynami-
cally disfavored heme isomer can be formed in excess of
the favored one. The mechanism for this imbalance is unclear
because the structural data collected on the apoprotein do
not suggest that this species should be able to discriminate
between the two heme orientations. The range of concentra-
tion that could be explored with this method was too narrow
to provide unequivocal indication of direct protein-protein
transfer.

Effect of Sequence Alterations.In the rat microsomal
holoprotein, Asp60 is exposed to solvent and does not appear
to form strong interactions with other side chains. However,
it is near acidic residues Glu56 and Glu59. Inspection of
cytochromeb5 primary structures having two histidines as
axial ligands (members of Pfam accession number PF00173)
shows that position 60 accepts side chains such as valine,
arginine, and glycine. The D60R holoprotein studied here
had aTm higher than that of the wild-type holoprotein. This
may be the result of reduced electrostatic repulsions in the
H state. In this view, state a could be both structurally and
thermodynamically unchanged by the mutation, while the
maximum affinity, represented by the dashed arrow in Figure
1B, would be enhanced. This interpretation was set forth for
the increased stability of the E48A/D60A cytochromeb5

mutant (35). An alternative interpretation calls for an
apoprotein with foldedR4, making statea structurally closer
to state H and decreasing the entropic cost of induced
refolding upon heme binding. Two comments are in order.
First, an increase inR4 helicity is not necessarily expected
to change the stability of statea; in the wild-type protein,
R4 is outside of the cooperative unit the structural dissipation
of which is assessed in the apoprotein denaturation experi-
ments, and the replacement may not extend this unit. Second,
an increase in helicity inR4 would result in a change in
MRE that would be difficult to measure accurately (55); the
apoprotein CD spectrum was inconclusive in this regard.

The double sequence perturbation introduced in PE cy-
tochromeb5 was intended to disfavor the formation ofR4
and resulted in a holoprotein with altered NMR spectral
properties. Interestingly, the far-UV CD spectrum of the
holoprotein was not affected by the change in sequence.

FIGURE 8: Time course of holoprotein concentrations in a typical
NMR heme transfer experiment. In panel A, the initial concentra-
tions of PE holocytochromeb5 and wild-type apocytochromeb5
were 1.07 and 0.91 mM, respectively. The instantaneous concentra-
tions were obtained by simulation of spectra collected at regular
intervals as described in the Materials and Methods. Curves labeled
x and y pertain to the concentrations of the A and B heme isomers
of the donor (PE) protein, respectively; curves p and q pertain to
the concentrations of the A and B isomers of the acceptor (WT)
protein, respectively. Panel B presents the same experiment with
0.65 mM PE holocytochromeb5 and 0.48 mM wild-type apocy-
tochromeb5. The solid lines represent simulations of the data
according to the mechanism provided in the Materials and Methods.
Only the rate of loss of heme from the donor protein could be
obtained reliably from the data.
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Heme binding was sufficiently strong to prevent loss during
purification, and excess cyanide ions did not displace the
axial histidine(s). The cytochromeb5 sequence data indicate
that major changes are tolerated inR4. Thus, position 57
can be occupied by a proline (for which there are more
occurrences than the wild-type asparagine), and in several
cases, the number of residues separating the well-conserved
Phe58 and the axial His63 vary. The decrease in net heme
affinity evident from transfer of the prosthetic group from
PE cytochromeb5 to the wild-type apoprotein raises a
question about some of the naturally occurring proteins with
modifiedR4, whether they also have a large heme dissocia-
tion constant or their sequence is otherwise altered to
compensate for this potentially unfavorable trait.

The apparent stabilities of PE and wild-type apocyto-
chromes were similar, but those of the holoproteins were
not with a PE holoprotein destabilization reflecting either
improved nonspecific heme binding or deteriorated specific
binding (or both). The ratio of heme dissociation constants
(eq 6, PE/wild-type) of 10 (corresponding to a∆∆G° of ∼6
kJ mol-1) favored an effect on specific binding. A structural
explanation in this case would call for similar extent of
residual structure in the wild-type and PEah state, and a
binding site incapable of assuming the same strong interac-
tions with the heme group as in the wild-type protein. The
thermal denaturation of secondary structure prior to heme
loss supported this interpretation.

Position 81 is not included in the definition of cytochrome
b5 Pfam. A limited comparison of primary structures
demonstrates variability at site 81, including instances of
serine, threonine, and glutamic acid. In contrast to D60R
and PE cytochromeb5, which presented apoprotein features
similar to the wild-type polypeptide, the type II mutant P81A
had decreased apo- and holoprotein stability. In this case,
the low apoprotein stability is expected to be reflected in
the denaturation behavior of the holoprotein. After adjustment
for this influence, the data suggested a reduction of the
difference between specific and nonspecific binding com-
pared to the wild-type protein. This is difficult to rationalize
since P81A cytochromeb5 illustrates a replacement that does
not contact the heme (Figure 2). The properties of the
apoprotein might therefore play a role not only in the
apparent stability of the holoprotein but also in controlling
heme affinity. This role would be modest in the P81A
cytochrome: if the∼6 kJ mol-1 destabilization observed in
the apoprotein state were converted into an equivalent
decrease in heme affinity, one would expect PE and P81A
cytochromes to have the same affinity, which was not the
case. Studies of the wild-type apoprotein have shown that
the dynamics ofR6, an imperfect helix N-capped by His80,
are altered by the presence of the heme (25). A cascade of
contacts between site 81 and the heme, for example, those
involving the intervening Tyr6 and Glu78, would be respon-
sible for the long-range communication resulting in weaker
heme binding.

A limited study of protein stability and heme affinity in
sperm whale myoglobin has revealed a strong correlation
between heme binding and holoprotein denaturation behavior
but not apoprotein denaturation properties (37). This conclu-
sion was based on a pair of substitutions targeting residues
in direct contact with the heme group, V68T and H97D. The
first mutant has features of type I (contact with heme) and

type II (folded in the apoprotein) cytochromeb5 variants,
whereas the second is type I (contact with the heme and
unfolded in the apoprotein) (10). The cytochrome system is
simpler in two ways: it has bis-histidine coordination of the
iron ion, and the denaturation of the apoprotein follows an
apparent two-state behavior. The perturbations that were
investigated here were proximal to and remote from the heme
group. A behavior similar to that of myoglobin was ob-
served: the ill-defineduh andah states increased the com-
plexity of the energetic relationships normally considered
for small organic ligands, but they introduced an additional
mechanism for decoupling of stability and affinity. Moreover,
the type II mutation exposed a relation between apoprotein
stability and heme affinity, suggesting the presence of “hot
spots” in the structure and action at a distance akin to an
allosteric effect. Additional work is in progress to map those
sites for which long-range effects are detectable as in P81A
cytochromeb5 and define further the role of apoprotein
stability in modulating heme affinity.
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