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ABSTRACT: The refolding and unfolding kinetics of a soluble domain of apocytochromeb5 extending from
residue 1 to 104 have been characterized using stopped flow and equilibrium-based fluorescence methods.
The isolated apoprotein unfolds reversibly in the presence of GuHCl. From cooperative unfolding curves,
the conformational stability (∆Guw), in the absence of denaturant, is estimated to be 11.6( 1.5 kJ mol-1

at 10°C. The stability of apocytochromeb5 is lower than that of the corresponding form of the holoprotein
(∆G ∼ 25 kJ mol-1) and exhibits a transition midpoint at 1.6 M GuHCl. Kinetic studies support the
concept of a two-state model with both unfolding and refolding rates showing an exponential dependence
on denaturant concentration with no evidence of the formation of transient intermediates in either limb of
the chevron plot. Apocytochromeb5 is therefore an example of a protein in which both kinetics and
equilibria associated with folding are described by a two-state model. The values ofmku andmkf obtained
from kinetic analysis are an indication of a transition state (mku/meq of 0.29) that resembles the native
form by retaining similar solvent accessibility and many of the noncovalent interactions found in the
apoprotein. The changes in heat capacity support a transition state that resembles the apoprotein with a
value for∆Cpf of -3.6 kJ mol-1 K-1 estimated for the refolding reaction. From these measurements, a
model of refolding that involves the rapid nucleation of hydrophobic residues around Trp26 is suggested
as a major event in the formation of the native apoprotein.

The mechanism by which proteins assemble into specific
three-dimensional folds remains a major experimental and
theoretical problem in structural biology. In this area, kinetic
studies with small soluble proteins such as lysozyme, CI2,
R-lactalbumin, myoglobin, and barnase have provided a
wealth of experimental data. These studies have shown that
solvent exclusion, formation of secondary structure, hydro-
phobic collapse, multiple transition states, and intermediates
can be recognized as integral reactions within the overall
folding process (1-3). Proteins containing a cofactor present
a more complicated folding system since integration of the
prosthetic group is a necessary prerequisite in the formation
of the native, functional, state. One approach that overcomes
these problems is studying the apo form of these proteins in
the expectation that they will provide a kinetically simpler
system.

The thermodynamic and kinetic parameters associated with
the folding of apocytochromeb5 have not been described to
date, and the absence of highly defined structures comparable
to the holoprotein hinders mechanistic studies. In the native
state, cytochromeb5 contains bothR-helices andâ-strands
with helices 2-5 surrounding the heme and creating part of

a hydrophobic pocket with an antiparallelâ-strand providing
the base to this assembly (4-6). This mixedR/â structure
coupled with bis-histidine ligation of the heme provides a
stable framework (7-9). The conformational stability and
overall structure of cytochromeb5 are strongly influenced
by the heme group. Differential scanning calorimetry has
estimated values for the conformational stability (∆G298) of
the holo and apo forms of 25 and 7 kJ mol-1, respectively
(9). The decline in stability accompanies a loss of helical
structure, and CD spectroscopy has shown that apo- and
holocytochromeb5 possess different far- and near-UV spectra
(10). Although the apoprotein retains both secondary and
tertiary structure, the helical content decreases from 38 to
21% (11, 12), and this is supported by NMR studies (13).
Second-derivative absorbance spectroscopy indicates that
increased solvent exposure occurs for Phe residues in the
apoprotein when compared with holocytochromeb5, although
the single Trp and four Tyr residues remain in similar en-
vironments. Additionally, spectroscopic studies have shown
that removal of the heme group does not change the in-
trinsically low fluorescence associated with the solitary tryp-
tophan residue. The soluble domain of apocytochromeb5

retains properties similar to those seen in the holoprotein
(10). Determination of the crystallographic structure of holo-
cytochromeb5 suggested that a close interaction between
the aromatic rings of Trp26 and His19 accounted for the
low fluorescence (4) and pointed to the retention of this in-
teraction in the apoprotein after heme extraction.
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In contrast to the crystal and solution structures that are
available for rat and bovine cytochromeb5, the structure of
the corresponding apoprotein is less well defined. Apocy-
tochromeb5 is usually isolated after extraction of the heme
group using organic solvents, and this form of the protein
has been studied using NMR spectroscopy (13-15). Two-
dimensional NMR spectroscopy of15N-enriched apocyto-
chromeb5 indicates a partially folded structure withâ-strands
from residue 24 to 29, 32 to 37, and 56 to 58 remaining
largely intact along with three shortR-helices. However, three
of the four helices that form much of the heme binding
pocket are either partially formed or undetected (13). How-
ever, a significant aspect of the solution structure determined
for the apoprotein was the presence of a stable hydrophobic
core around Trp26. This core is believed to be capable of
rapid, independent assembly (15). Cytochromeb5 is therefore
envisaged as two modules in which core 2, centered around
Trp26, acts as a structural unit capable of organizing the
potential heme binding site (13). This structure may have
some relevance to the folding mechanism in vivo since it
has been demonstrated that protein synthesis yields sub-
stantial amounts of the apo form prior to the insertion of
heme (16) and that heme synthesis occurs within the mito-
chondrion (17).

Considerable insight into the folding of apoproteins has
been obtained using apomyoglobin as a model system (18).
Unlike cytochromeb5, the holoprotein is totallyR-helical
and possesses a five-coordinate iron center. Removal of the
heme leaves a folded protein with extensive (30%) helical
structure around pH 7.0, while lowering the solution pH to
mildly acidic conditions yields an intermediate state termed
the molten globule form (19). From amide exchange experi-
ments, a subdomain consisting of helices A, G, and H has
been identified in the acid form of apomyoglobin, and this
has been equated with the early folding intermediate detected
in kinetic studies (20). In comparison with apomyoglobin,
the folding pathway of apocytochromeb5 is poorly described.
The existence of molten globule states or kinetic intermedi-
ates has not yet been confirmed, and this has hindered the
pursuit of knowledge of the folding pathway of cytochrome
b5. Moore and Lecomte (15) have shown that the refolding
of urea-denatured apocytochromeb5 exhibits triphasic kinet-
ics with observed rates of 70, 2, and 0.06 s-1, although the
origins of these three phases and, for example, their de-
pendence on denaturant concentration and temperature were
not further investigated. The absence of detailed kinetic- and
equilibrium-based data for the unfolding and refolding
pathways of apocytochromeb5 has led to a detailed analysis
of this system. More importantly, the stability and folding
of the apocytochromeb5 represents a necessary prerequisite
for any study of holoproteins.

EXPERIMENTAL PROCEDURES

Protein Purification and Reagents.All reagents were of
Analar grade, and solutions were filtered through 0.45µm
filters prior to use. Ultrapure GuHCl1 was purchased from
either Calbiochem or Melford, UK, and solutions were made
gravimetrically with further verification using refractive index
measurements (21). The apoprotein concentration was de-
termined using the absorbance at 280 nm for which an
extinction coefficient of 10.6 mM-1 cm-1 has been deter-
mined previously (13, 22). The Ala1-Ser104 variant of

bovine cytochromeb5 was expressed and purified as
described previously (8). The apoprotein was made from the
purified holoprotein using an adaptation of the method of
Teale (23). The heme was removed by dropwise addition of
0.1 M HCl to a cytochromeb5 solution (final concentration
of 1 mM) at 4°C, until the pH was between 2.3 and 3.0. An
equal volume of butanone was added immediately, and the
mixture was left on ice until two immiscible phases formed.
The upper colored phase was discarded, while the lower layer
was collected. Residual heme was removed by re-extraction
of the aqueous phase with another equal volume of butanone.
The resulting pale yellow solution was dialyzed overnight
against distilled water at 4°C. The dialyzed material was
briefly centrifuged to remove precipitated material, lyophi-
lized in small (50-100 µL) aliqouts, and stored at-20 °C
until it was used further. Samples of apocytochromeb5 used
in stopped flow and equilibrium experiments were added to
the appropriate buffer immediately prior to use.

Equilibrium Measurements of Apoprotein Unfolding.Apo-
protein unfolding was assessed by measuring the fluorescence
of Trp26 at different concentrations of GuHCl using an SLM-
Aminco 8100 spectrofluorimeter. An excitation wavelength
of 280 nm was routinely used with a monochromator slit
width of 4 nm. All emission spectra were scanned between
300 and 400 nm at a rate of 1 nm s-1 using two monochro-
mators adjusted to a slit width of 4 nm. For each GuHCl
concentration, a suitable blank solution was subtracted from
the same solution containing 1-2 µM protein. The fluores-
cence intensity at 349 nm in each spectrum was measured
at a range of denaturant concentrations and used to estimate
the conformational stability in the absence of denaturant
(∆Guw) and its dependence on denaturant concentration (meq)
via the combination of eqs 1 and 2

Kinetic Measurements of Apoprotein Folding.All kinetic
measurements of protein refolding or unfolding were per-
formed using an Applied Photophysics stopped flow SX18MV
system. In the absence of the heme group, the fluorescence
emission above 320 nm was used to study these processes.
Fluorescence data sets were recorded using a 2 mmpath
length and by measuring the intensity at 90° to the excitation
wavelength (280 nm) after passing through a 320 nm cutoff
filter. Data were collected at time intervals ranging from 10
ms to 1000 s using between 1000 and 4000 data points. The
data recorded at each denaturant concentration are the
average of five successive traces, and all traces were fitted
to monoexponential relaxation curves using software supplied
by Applied Photophysics Ltd.

All folding and unfolding reactions were performed at 10
°C. Unfolding reactions involved mixing the apoprotein with

1 Abbreviations: GuHCl, guanidine hydrochloride;kobs, observed rate
constant;kuw andkfw, first-order rate constant for protein unfolding and
folding, respectively, extrapolated to zero denaturant concentration;
Ala1-Ser104, soluble domain of cytochromeb5 extending from residue
1 to 104;meq, dependence of the free energy of unfolding on GuHCl
concentration;mku andmkf, dependence of the rate of protein folding
and unfolding, respectively, on GuHCl concentration;∆Cpu, heat
capacity change between folded and transition states.

F ) [FN + FU exp(-∆Gu/RT)]/[1 + exp(-∆Gu/RT)]
(1)

∆Gu ) ∆Guw - meq[GuHCl] (2)
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a 10-fold excess of denaturant to yield final concentrations
between 1.6 and 5 M. The kinetics associated with refolding
involved mixing 1 volume of unfolded protein with a 6-10-
fold excess of 30 mM MOPS (pH 7.0). The unfolded protein
had previously been equilibrated in concentrations of GuHCl
between 1.6 and 4.5 M for 1 h. The final denaturant
concentration ranged from 0.2 to 1.4 M GuHCl. In all of
the experiments described here, the final protein concentra-
tion was 1µM.

The kinetic data were analyzed by plotting the unfolding
and refolding rates as a function of denaturant concentration
in semilogarithmic plots according to eqs 3 and 4.

Combining eqs 3 and 4 allows the observed rate of folding
at any concentration of GuHCl to be obtained and was used
to estimate the best fit of experimental data. In eqs 3 and 4,
mku ) RTmu andmkf ) RTmf.

Temperature Dependency of Protein Folding Reactions.
In view of the sensitivity of apocytochromeb5 to tempera-
tures above 25°C, a limited temperature range was used to
study refolding and unfolding. The unfolding rate was
determined at denaturant concentrations between 1.6 and 4.5
M, and for each data set, the rate of reaction in the absence
of denaturant (kuw) was estimated from semilogarithmic plots.
The values determined forkuw at each temperature were used
to calculate the activation parameters for protein unfolding
via Eyring plots using the equation shown below:

derived from transition state theory (24) wherekw is the rate
at zero denaturant concentration,∆Sq is the activation entropy
associated with protein unfolding and/or refolding,∆Hq is
the activation enthalpy of protein unfolding and/or refolding,
and kb and h are Boltzmann’s and Planck’s constants,
respectively. For all data sets, the temperature was regulated
to within (0.1 °C through the use of a microprocessor-
controlled Neslab RTE-111 thermocirculator. For protein
refolding, significant curvature was noted in the Eyring plot
and eq 6 was used to estimate the magnitude of∆Cp (25).

RESULTS

Equilibrium Unfolding Studies of Apocytochrome b5.
Equilibrium measurements of the unfolding of apocyto-
chromeb5 in GuHCl have not been extensively described.
Under solution conditions that promote the folded conforma-
tion of apocytochromeb5, the fluorescence spectrum exhibits
a maximum at 335 nm which progressively increases in
intensity with higher denaturant concentrations to yield
spectra with maxima at 349 nm. Representative normalized
data are shown in Figure 1 for the emission spectra of folded
and unfolded apocytochromeb5 at denaturant concentrations
of 0.2, 1.4, and 2.6 M GuHCl. The spectra of the unfolded
protein exhibit significant asymmetry with a pronounced
shoulder around 380 nm. The origin of this shoulder is

unclear but may reflect a series of differing microenviron-
ments for the Trp residue in the unfolded conformation and
has been noted in other systems (26). From spectra recorded
at a range of denaturant concentrations between 0 and 3.4
M, the intensity of the fluorescence at 349 nm was used to
measure the extent of protein unfolding. The results shown
in Figure 2 reveal that apocytochromeb5 unfolds in a single
cooperative curve in which there is no detectable intermedi-
ate. The midpoint for the transition occurs at a concentration
of 1.6 M GuHCl, and the data are fitted on the assumption
that the unfolding equilibria is described by a two-state
system in which only the native (N) and unfolded (U) states
are significantly populated. From the data of Figure 2, values
of meq and∆Guw for the unfolding of apocytochromeb5 are
obtained. This approach yielded an average value of 11.6(
1.5 kJ mol-1 for the stability of the apoprotein in the absence
of denaturant (∆Guw) and a value formeq of 7874( 181 J
mol-1 M-1. The value ofmeq is a constant proportional to
the increase in the level of solvent exposure of the protein
during the unfolding reaction.

Kinetic Studies of Refolding and Unfolding Reactions.
From the data shown in Figure 2, solution conditions
promoting folding and unfolding in apocytochromeb5 were
defined for subsequent kinetic measurements. The apoprotein
remains largely folded below 0.6 M GuHCl, while above
2.0 M, the protein assumes a largely disordered state. The
kinetics of apoprotein unfolding can be followed using the
time-dependent increase in Trp fluorescence above 320 nm.
The increase in fluorescence in the presence of 4 M GuHCl
is shown in Figure 3 and follows a single-exponential process
with the reaction being complete within approximately 500
ms. The monoexponential process is emphasized in the plot
of the residuals versus time. Consequently, all of the data
acquired in this aspect of the current study were modeled
by fitting to single-exponential processes. Repeating these

ln ku ) ln kuw + mu[GuHCl] (3)

ln kf ) ln kfw - mf[GuHCl] (4)

ln(kw/T) ) ln(kb/h) + ∆Sq/R - ∆Hq/RT (5)

ln(kf/T) ) ln(kb/h) + ∆Sf(T0)/R - ∆Hf(T0)/RT-
∆Cp(T - T0)/RT+ ∆Cp/R ln(T/T0) (6)

FIGURE 1: Emission spectra between 320 and 400 nm for folded
and unfolded forms of bovine microsomal apocytochromeb5. The
spectra were recorded between 320 and 400 nm with an excitation
wavelength of 280 nm (emission and excitation slit widths of 4
nm) at a protein concentration of 1.5µM in 30 mM MOPS (pH
7.0). The spectra were corrected for differential photomultiplier
response and any background fluorescence of the buffer by
subtraction. The spectra were recorded at the following denaturant
concentrations: 0.2, 1.4, and 2.4 M GuHCl.
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measurements over a range of denaturant concentrations
between 1.6 and 4.5 M allows the intrinsic unfolding rate in
the absence of denaturant to be estimated. Semilogarithmic
plots of ku versus denaturant concentration are linear over
the complete range of unfolding conditions and when fitted
to eq 5 lead to a value for the unfolding rate at 0 M GuHCl
(kuw) of 0.24 s-1. The value formku of 2420( 420 J mol-1

M-1 is significantly lower than the equilibrium value (7874
J mol-1 M-1) observed for unfolding of the apoprotein and
suggests that the transition state for unfolding exhibits solvent
accessibility and noncovalent interactions more closely allied
to the initial apoprotein. The ratiomku/meq is 0.29 and
indicates the position of the transition state along the reaction
coordinate between unfolded and folded forms of the protein.

The refolding process followed from the fluorescence
intensity above 320 nm exhibits a single-exponential decay,
and there is no evidence of additional minor phases. For
protein refolding, these reactions were continued for up to
100 s with no evidence of significant additional processes
such as those seen with proline isomerization (Figure 3).
Again the residuals plot clearly demonstrates a satisfactory
fit to a monophasic process. By measuring the rate as a
function of denaturant concentration, we observed a linear
dependence throughout the concentration range (0-1.4 M).
In Figure 4, these data are combined to produce a classical
chevron plot. The transition midpoint is observed around 1.6
M and agrees closely with that estimated from the equilib-
rium fluorescence data. Both limbs exhibit a linear depen-
dency on denaturant concentration, and there is little evidence
of curvature in these semilogarithmic plots, suggesting that
intermediates do not accumulate before the rate-determining
steps. From data such as that shown in Figure 4, the rate of
refolding at zero denaturant concentration is estimated to be

19.5 s-1 while a value formkf of 5589( 552 J mol-1 M-1

is obtained. The absence of deviations from linearity in the
semilogarithmic plot of the rates of refolding and unfolding
versus denaturant concentration suggests that the apo form
of cytochromeb5 behaves as a simple two-state system. In
this context, a shorter form of cytochromeb5 containing the
first 90 residues exhibits similar folding kinetics (S. Manyusa
and D. Whitford, unpublished results).

Temperature Dependency of Apoprotein Folding.Further
insight into the energetics of protein folding and unfolding
can be obtained from an analysis of the temperature
dependence of each process. The temperature dependency
for the unfolding of apocytochromeb5 was determined at
six different temperatures from 8 to 25°C and at seven
different GuHCl concentrations from 1.6 to 4.5 M. Higher
temperatures are precluded as a result of the onset of slow
thermal denaturation of apocytochromeb5 above 25°C (S.
Manyusa and D. Whitford unpublished observations, 1998).
At each temperature, the linear plots were extrapolated to
zero denaturant concentration, and these values are used in
the Eyring analysis shown in Figure 5A. The unfolding data
reveal a linear plot, with no evidence of curvature, over a
temperature range of 17 K. Such plots are generally taken
to imply that∆Cpu, the change in heat capacity between the
native and transition states, is small (∆Cpu ∼ 0). From Figure
5A, the activation enthalpy and entropy for unfolding were
determined to be 119.9( 8.45 kJ mol-1 and 165.8( 29 J
mol-1 K-1, respectively (Table 2). If it is assumed that∆Hu

and∆Su are independent of temperature, the activation free
energy of unfolding is estimated to be 70.5 kJ mol-1 at 25
°C.

The temperature dependence of protein refolding was also
determined over a similar range. The data shown in the
Eyring plot in Figure 5B show significant curvature and
deviate from linearity especially when compared with the
unfolding data. This suggests that during refolding the heat
capacity changes significantly between the unfolded and
transition states. We have estimated the magnitude of∆Cpf,
the heat capacity change between unfolded and transition
states, from the curvature of the data in Figure 5B using eq
6. These activation parameters are summarized in Table 1
using a reference temperature of 25°C, and the solid line in
Figure 5B reflects a value of-3.6 ( 0.8 kJ mol-1 K-1 for
∆Cpf.

DISCUSSION

Equilibrium Unfolding of Apocytochrome b5. The equi-
librium unfolding curve based on measurements of Trp
fluorescence demonstrates clearly that apocytochromeb5

denatures in a cooperative transition that can be effectively
modeled on the basis of a two-state approximation. Unlike
a much earlier study, the denaturation curve of apocyto-
chromeb5 is defined by regions in which the folded and
unfolded forms predominate with a transition midpoint
around∼1.6 M GuHCl (27). This transition midpoint is
lower than that observed with the holoprotein [ref28 and
unpublished observations of S. Manyusa and D. Whitford,
1998 (Cm ∼ 3.0 M, ∆Guw ) 23.5 kJ mol-1)] and points to
decreased conformational stability in the presence of this
denaturant. The conformational stability at 10°C has been
estimated from the equilibrium unfolding curves to be 11.6

FIGURE 2: Denaturation curve for apocytochromeb5 determined
from changes in Trp fluorescence. The spectrum of apocytochrome
b5 was measured in varying concentrations of denaturant and
corrected by subtraction of the background as described in
Experimental Procedures. The fluorescence intensity at 349 nm was
plotted against denaturant concentration. The data were fitted
directly to eq 1 and used to estimate the stability of the apoprotein
at zero denaturant concentration. The data were obtained at a protein
concentration of 1µM. No significant variation in the transition
midpoint was seen at concentrations of apoprotein between 0.5 and
5 µM.
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kJ mol-1. The data suggest that the heme group contributes
approximately 50% (11.6/23.5 in this study) of the total
conformational stability of the holoprotein via noncovalent
interactions with the polypeptide chain, a value comparable
to that estimated for various states of myoglobin (29).

Kinetic Studies of Folding and Unfolding in Apocyto-
chrome b5. The kinetic data obtained here for apocytochrome
b5 suggest a soluble domain in which unfolding and refolding
occur without the formation of intermediates on the milli-
second to second time scale. The refolding of apocytochrome
b5 was adequately fitted to a single-exponential process, and
there was no evidence for the multiphasic kinetics (70, 2,
and 0.06 s-1) seen previously using urea as a denaturant (15).
In general, we have found that urea and GuHCl give
qualitatively similar results for both folding and unfolding
pathways, and it is possible that the slower phases seen
previously may result from protein aggregation, as noted in
other systems (30). In the absence of denaturant, a maximal
rate of refolding of∼20 s-1 was observed at 10°C.

A two-state model for the unfolding of apocytochromeb5

is emphasized by the observation that the equilibrium
constant (Kk), estimated from the ratio of the folding and
unfolding rate constants (kfw/kuw ) 10.4 kJ mol-1), agrees
closely with the value of 11.6 kJ mol-1 obtained from
equilibrium studies. The relationshipmeq ) mku + mkf is
satisfied with a value formku + mkf of 8009 J mol-1 M-1

comparing favorably with the equilibrium value of 7874 J
mol-1 M-1. The two-state approximation is also supported
by the substitution ofmkf by meq - mku in the chevron plot
of Figure 4 which yields an equally good fit of the

experimental data. In many respects, apocytochromeb5

behaves in a manner similar to that reported for CI2 and
other small soluble domains (31). Intermediates are not
detected in either folding or unfolding, and the kinetics and
equilibrium folding reactions can be ascribed to a simple
two-state model. These results, together with monophasic
rates and an exponential dependence on denaturant concen-
tration, provide strong evidence that apocytochromeb5

behaves thermodynamically and kinetically as a two-state
folding system.

Thermodynamic Parameters Associated with the Transition
State for Folding.The activation parameters estimated via
the temperature dependence of unfolding and refolding
provide insight into the structure of the transition state. From
Table 2, the enthalpy changes for unfolding are positive,
suggesting weaker interactions exist in the transition state
than in the folded form of the apoprotein. The value for∆Hu

q

of 120 kJ mol-1 reflects the loss of interactions (van der
Waals interactions and hydrogen bonds) in the transition state
when compared with the native state of the apoprotein.
However, the hydration effect (32) can contribute to a loss
of enthalpy from additional interactions between hydrophobic
surfaces exposed during unfolding as well as ordering of
solvent molecules. This effect appears to be secondary to
the disruption of noncovalent interactions for the unfolding
of apocytochromeb5. In contrast, the gain in enthalpy for
refolding is smaller (∆Hf

q ) 42 kJ mol-1), and this may
reflect a greater contribution of the hydration effect in a
highly solvent-exposed denatured state. The entropy of the
respective transition states reflects two counteracting ef-

FIGURE 3: Kinetics of apoprotein unfolding and refolding determined using the change in fluorescence above 320 nm. (Left) Apocytochrome
b5 (1 µM) was rapidly mixed with 4 M GdmCl and the fluorescence measured over a time range of 1 s. The data shown together with the
residuals represent the fit of the data to a single-exponential process. The residuals reveal no consistent deviation from a single-exponential
process, and the unfolding reaction, in the above trace, is essentially complete after 250 ms. (Right) Refolding was carried out by rapidly
mixing the unfolded protein with 30 mM MOPS (pH 7.0). The refolding reaction involved a 6-fold dilution of the unfolded protein which
yielded a final denaturant concentration of 0.67 M. The trace measures refolding over 100 s to aid identification of slow refolding events
such as cis-trans proline isomerization. The solid line emphasizes the monophasic process, and this is supported by the lower residuals
plot.

Defining the Folding and Unfolding Reactions of Cytochromeb5 Biochemistry, Vol. 38, No. 29, 19999537



fects: the increased conformational freedom of the protein
upon unfolding versus the ordering of water molecules
around nonpolar side chains. As a result, it remains difficult
to assign specific molecular details to the observed changes
in entropy, and it should also be kept in mind that the
relevance of transition state theory and particularly the pre-
exponential term to protein folding has been questioned (33,
34).

In apocytochromeb5, the changes in activation heat
capacity together with the ratio of the kinetic/equilibriumm
values assist in defining the transition state. The transition
state lies close to the initial state of the apoprotein since the
ratiomku/meq of ∼0.3 suggests solvent accessibility analogous
to that of the folded state. A value of 0.3 implies the
preservation of a considerable number of noncovalent
interactions in the transition state complex and is further
supported by the negligible change in heat capacity (∆Cpu

∼ 0) observed in the temperature dependence of the
unfolding reaction (Figure 5A). The hydration of hydropho-
bic groups exposed during unfolding has been estimated to
be the major contributing factor to the total heat capacity
change (35). Here, ∆Cpu corresponds to the heat capacity
change between native and transition states (∆Cp,q-N) of the
protein, and its small or negligible value supports a model
for the transition state in which a compact structure exists
lacking significant hydration or solvent accessibility. Con-
versely, the refolding reaction exhibits a significant change
in heat capacity between the unfolded state and the transition
state estimated to be-3.6 kJ mol-1 K-1. Using differential
scanning calorimetry, the specific heat capacity of apocy-

tochromeb5 has been estimated to be 4.2 kJ mol-1 K-1 (9),
and with this value, we can subsequently calculate∆Cpu to
be 0.6 kJ mol-1 K-1. It is unlikely given the small magnitude
of ∆Cpu and the experimental errors involved in these
measurements that this can be detected via the Eyring
analysis of the unfolding data.

For apocytochromeb5, the denaturantm values and the
heat capacity changes point to a transition state that retains
between 71 (mq-U/mU-N ) θm) and 86% (∆Cp,q-U/∆Cp,U-N

) θCp) of the structure of the initial folded form. It has been
noted that that a good correlation exists for many proteins

FIGURE 4: Semilogarithmic plot of kinetics of folding and unfolding
of apocytochromeb5 as a function of denaturant concentration. The
chevron plot exhibits a midpoint around 1.6 M in close agreement
with that estimated from equilibrium fluorescence studies. The
unfolding and refolding regions of the chevron plot exhibit a linear
dependency on GuHCl concentration. The line of best fit was
calculated assuming the following relationship: lnkobs ) ln(ku +
kf), whereku ) kuw exp(mu[GuHCl]) andkf ) kfw exp(mf[GuHCl]),
kuw andkfw are the unfolding and refolding rates in the absence of
denaturant andmu and mf are the dependence of these rates on
GuHCl concentration, respectively. Initial estimates formu andmf
andkuw andkfw were obtained by regression of a linear portion of
each limb of the chevron plot and then used to fit directly to the
above relationships. The data derived from this plot are summarized
in Table 1.

FIGURE 5: Temperature dependence associated with the refolding
and unfolding reactions of apocytochromeb5. (A) The unfolding
of apocytochromeb5. (B) The refolding of apocytochromeb5. For
each Eyring plot, the data point reflects the rate of refolding or
unfolding in the absence of denaturant. This was obtained by
extrapolating rates observed at different denaturant concentrations
to zero GuHCl concentration at temperatures between 7 and 25
°C. Solution conditions were as described in Experimental Proce-
dures, and the protein concentration was 1µM. The data derived
from these plots are listed in Table 2.
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between equilibrium measurements of the change in heat
capacity upon unfolding (∆Cpu) and the denaturant depend-
encies of protein stability (meq) (36). Both parameters appear
to reflect the change in solvent accessible area upon folding,
and by analogy, it is expected that the kinetic/equilibrium
ratios derived from heat capacity (θCp ) 0.86) andm value
measurements (θm ) 0.71) also correlate. With due consid-
eration of the experimental errors involved in these measure-
ments, the respective values ofθCp andθm are sufficiently
similar for us to believe they are defining the same transition
state. For a small representative class of proteins, it was
noticed thatθCp was often less thanθm (37), and this was
attributed to differential changes in solvent viscosity affecting
the pre-exponential term in the Arrhenius equation arising
as a result of increases in denaturant concentration or
temperature. As a result,θm would overestimate transition
state compactness whileθCp would tend to underestimate this
parameter. Although we have the opposite situation here, it
may be significant that the temperature range used in this
study is more restricted than in many other systems.
Combining both parameters leads to an average value for
transition state compactness in which 79% of the residues
buried in folding are equally inaccessible in the transition
state.

Protein Folding Pathways in Apocytochrome b5. In many
proteins, refolding is accompanied by the presence of one
or more minor phases arising from isomerization of prolyl-

peptide bonds. The absence of minor phases in the refolding
of apocytochromeb5 suggests that these reactions are not
involved in the formation of the Trp-centered hydrophobic
core. In the unfolded state, the ratio of cis/trans prolyl peptide
bonds is expected to be approximately 0.2. In the Ala1-
Ser104 variant of apocytochromeb5, three Pro residues exist
at positions 44, 85, and 96. The identical folding properties
exhibited by the shorter Ala1-Lys90 variant of cytochrome
b5 eliminates any involvement of Pro96. If one or both of
the peptide bonds preceding residues 44 and 85 occur in the
cis conformation, then kinetically heterogeneous folding rates
would be observed. This clearly does not occur in this study
where folding and unfolding have been performed over a
time scale from 100 ms to 100 s, and at least two direct
explanations can be invoked. The formation of the apoprotein
is based around the measurement of Trp26 fluorescence and
in particular the quenching mediated by His19 and solvent
exclusion that accompanies protein folding. The Trp residue
is located within a series ofâ-strands that form in the center
of the molecule. Here, besides the coplanar interaction with
His19, the Trp residue is close to the side chain of Ile80,
and is surrounded by hydrophobic side chains at residues
27-29 as well as neighboringâ-strands. This region of the
protein has been described as a tube filled with hydrophobic
residues exposed to solvent at either end (4). Both Pro
residues are located away from this locus for protein folding
with Pro44 forming part of the turn between helices II and
III ( 4, 5), while Pro85 is located at a turn between strand 2
and helix 6. NMR studies of apocytochromeb5 suggest that
the helices surrounding the heme binding pocket, in which
Pro44 is located, are disordered, and it is most probable that
any folding events in this region of the molecule occur after
formation of the Trp core. For Pro85, there is some evidence
to suggest that the structure of this region of the apoprotein
is preserved after heme removal (6, 14). It is also interesting
to note that Pro44 and Pro85 are immediately following
histidine residues and the motif His-Pro may not adopt the
cis conformation as readily as other X-Pro residues.

An interaction between Trp26 and His19 represents an
early event in the folding pathway of apocytochromeb5. The
invariance of Trp26 in all cytochromeb5 sequences suggests
the side chain may represent a locus about which protein
folding occurs, and such residues have been higlighted as
important in nucleation type models of protein folding (38).
The hydrophobic side chains in this region of the protein
could therefore drive the formation of the folded state via
specific interactions and the exclusion of solvent, and this
is supported by the comparatively large heat capacity change
for refolding (∆Cpf ) -3.6 kJ mol-1 K-1). From the data
that are presented, it is unclear whether the four helices
surrounding the heme exhibit local folding within the time
scale of the formation of ordered structure around Trp26.
This may well require detailed analysis using additional
techniques such as stopped flow CD studies or amide
exchange NMR studies.

Increasingly, many small soluble proteins containing less
than 100 amino acid residues have been shown to fold by a
two-state mechanism, and all of these proteins are distin-
guished by containing only one domain in the folded state
(37). Apocytochromeb5 containing 104 residues is slightly
larger than most of these proteins but in all other respects
behaves as a typical two-state folding system. From these

Table 1: Unfolding and Refolding Data for the Apo Form of
Ala1-Ser104 Bovine Microsomal Cytochromeb5

a

method
∆Gu

(kJ mol-1)
meq, mku, or mkf

(J mol-1 M-1)

equilibrium
unfolding 11.6( 1.5 7874( 181

stopped flow
folding -7.0( 0.1 2420( 420
unfolding 3.4( 0.2 5589( 552

summation of folding
and unfolding data

10.4( 0.2 8009( 486

a All data were obtained at 10°C in 30 mM MOPS (pH 7.0); the
concentration of the apoprotein was 1µM, and the experimental
conditions were as described in Experimental Procedures.

Table 2: Activation Parameters for the Unfolding and Refolding
Reactions in Apocytochromeb5

a

refolding unfolding

unfolding-
refolding

(equilibrium
values)

∆H(298 K) (kJ mol-1) 42.4( 5.5 119.9( 8.45 77.5
∆S(298 K) (J mol-1 K-1) -69.2( 18.6 165.8( 29.0 235.0
∆G(298 K) (kJ mol-1) 63.0 70.5 7.5b

∆Cp (kJ mol-1 K-1) -3.6( 0.8 0.6 4.2c

a The data shown above were calculated from the Eyring plots of
panels A and B of Figure 5 for the unfolding and refolding of
apocytochromeb5. The activation parameters are those obtained at zero
denaturant concentration, in 30 mM MOPS (pH 7.0), and at 25°C. In
view of the detectable curvature in the refolding curve, the data were
fitted to eq 6.b The value of 7.5 kJ mol-1 refers to the difference
between the unfolding and refolding values obtained here at 25°C.
This value is in close agreement to that reported by Pfeil (9). At 10
°C, the value of∆G has been determined in this study to be 11.6 kJ
mol-1. c The value for∆Cpu was calculated using a value for∆Cp of
4.2 kJ mol-1 K-1, estimated by differential scanning calorimetry (9)
and the relationship∆Cp ) ∆Cpu - ∆Cpf.
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observations, one may deduce that apocytochromeb5 con-
tains a single domain localized around Trp26.

We have shown via kinetic and equilibrium data that the
unfolding and refolding of apocytochromeb5 follow a simple
two-state mechanism in which the transition state for
unfolding resembles the native-like structure. The transition
state is compact with most (79%) hydrophobic residues
buried and with nearly all noncovalent interactions preserved.
The formation of a hydrophobic core around Trp26 appears
to be a key step in the folding pathway driven by the
potentially large number of hydrophobic interactions in this
region of the protein. This study will permit future analysis
of the effect of site-directed mutagenesis of key residues of
apocytochromeb5 on the folding pathway and will impor-
tantly also allow a comparison with the potentially more
complicated pathway that exists in the holoprotein.
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