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Role of Heme in the Unfolding and Assembly of Myoglobin†
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ABSTRACT: The unfolding of wild-type holomyoglobin in the ferric state (metMb) appears to be a simple two-
state process, even though hemichrome spectra are often observed and apoMb denaturation involves an
intermediate. To resolve these discrepancies, we measured GuHCl-induced, equilibrium unfolding of five
sperm whale metMb variants, which were selected to examine the relative importance of apoglobin stability
and hemin affinity. Combined analysis of CD, Trp fluorescence, and Soret absorbance titration curves for all
the variants requires a six-state mechanism containing native (N), intermediate (I), and unfolded (U) states of
apoMb and their hemin-bound counterparts, NH (holoMb), IH, and UH, respectively. The unfolding
parameters for the apoMbs were obtained in independent experiments and then fixed in the analysis of the
holoprotein data, where only the affinities of the apoglobin states for hemin were allowed to vary. This
cofactor binding analysis applies generally to all globins and led to three specific conclusions. (1) The stability
of holo-metMb is determined primarily by the high affinity (Kd∼ 10-13M) of native apoMb (N) for hemin. (2)
The partially unfolded intermediate with hemin bound (IH) has a hemichrome spectrum indicative of a bis-
histidyl axial coordination and is seen clearly when the stability of the N state or its affinity for hemin is
reduced. (3) Although the affinity of the intermediate for hemin (Kd ∼ 10-11 M) is∼100-fold lower than that
for the native state, free hemin can bind to it and promote the assembly of the holoprotein.

For the past 50 years,mammalianmyoglobin (Mb)1 has served
as the key model system for structure-function studies of 3-on-3
helical globins (1-4). The cofactor in native Mb is a type b heme
(iron-protoporphyrin IX ring), which is directly coordinated to
the protein by the proximal histidine side chain (His93 in Mb).
The second axial ligand is either exogenous water in the ferric
state orO2 when the iron is reduced, and both of these ligands are
indirectly attached to the protein by hydrogen bonding to the
distal histidine (His64 in Mb) (5). Studies on Mb folding have
focused mainly on characterizing the stabilities and structures of
initial, intermediate, and final apoglobin states in the absence of
heme. Sperm whale apoMb has been shown to lose a significant
amount of secondary structure after heme removal, which
involves primarily unfolding of the F helix and surrounding EF
and FG loops (6-8). Further perturbation induced by the
addition of heat or chemical denaturants (acid, urea, or GuHCl)
leads to the complete loss of secondary and tertiary structure.

The existence of a folding intermediate (I) for apoMbwas first
proposed by Balestrieri et al. (9) on the basis of previous steady-
state fluorescence experiments by Kirby and Steiner (10) and has
since been verified by multiple techniques using acid, urea, and
guanidine hydrochloride (GuHCl) denaturation (8, 11-16).

Studies involving rapid jumps from high denaturant concentra-
tions to dilute conditions have demonstrated the presence of a
kinetic intermediate, formed within a few milliseconds, that
already possesses structure in helices A, G, and H (17). Depend-
ing on experimental conditions, another kinetic intermediate can
be generated along folding pathway (18), which has additional
structure occurring mostly in helix B (17, 19, 20). The structures
of the equilibrium and kinetic intermediates of apoMb appear to
be very similar (8, 17), and only recently have small disparities
been found, notably in the E helix (19).

In contrast to apoMb, only a few studies have focused on
the holoprotein. Most unfolding analyses of intact Mb have
been semiempirical, assuming an apparent two-state equilib-
rium and/or kinetic mechanism (21-27). Attempts were
made to correlate melting temperatures of holoMb empiri-
cally with surface electrostatics and folding motifs seen in the
crystal structures (24-26). Only a small number of studies
attempted to look experimentally for correlations among
apoglobin stability, hemin affinity, and holoprotein stabi-
lity (12, 22, 28-30). Determining the link between these
factors is also key to understanding how to optimize hetero-
logous expression yields of recombinant holoMbs and holo-
Hbs in Escherichia coli for either research or commercial
purposes (11, 12, 31-33).

Our initial studies suggested that resistance of holoMb to un-
folding appears to be determined primarily by heme affinity and is
affected little by apoMb stability (29); however, the analysis was
performed using only a simple two-state model. In addition, we
made no attempt to take into account hemichrome species, which
are often seen under partially denaturing conditions (34-36). We
have now developed and tested a more complete mechanism for
holoMb that allows heme binding to all three of the states observed
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during the unfoldingof apoMb (i.e.,Kd values for heminbinding to
the N, I, and U forms) as detailed by Culbertson and Olson (37).
The affinity of hemin for fully folded, native (N) apoMb is too high
to measure directly and is normally estimated from associa-
tion (30, 38) and dissociation rate constants (29, 39). The Kd for
hemin binding to the apoMb N state (KNH) is 10

-13-10-14 M at
neutral pH (22, 29). Hargrove and Olson (22) and Robinson
et al. (40) suggested that hemin can also bind to the completely
unfolded states of apoMb and apocytochrome b562, although very
weakly with KUH values of ∼10-6 M. However, neither set of
authors attempted to measure and characterize heme binding to
apoglobin intermediates.

By using a set of five carefully chosen sperm whale metMb
variants [i.e., WT, H64F, T67P, V68T, and H97D (Figure 1)],
we have been able to demonstrate and characterize heme
binding to the apoMb unfolding intermediate. The mutations
were selected to stabilize the N apoMb state but weaken hemin
affinity (H64F), to selectively destabilize the N state without
affecting the hemin affinity or the stability of the I state
(T67P), to destabilize the N state but enhance hemin affinity
(V68T), and to decrease hemin affinity without affecting the
stabilities of the N and I apo states (H97D). Analysis of
GuHCl-induced unfolding of these variants requires a six-
state mechanism containing native (N), intermediate (I), and
unfolded (U) apoMb states and their hemin-bound counter-
parts, NH (holo-metMb), IH, and UH, respectively. In all
of these variants, the apoMb intermediate (I) forms a hemi-
chrome or IH state with a Kd or KIH for hemin binding on the
order of ∼10-11 M. This six-state mechanism applies to all
monomeric proteins containing noncovalently bound heme
with an intermediate regardless of the exact nature of the
cofactor-bound intermediate, provides a framework for quan-
tifying the factors that contribute to the overall stability of the
holoprotein, and allows an independent and accurate deter-
mination of equilibrium constants for hemin binding to native
and intermediate apoprotein states.

MATERIALS AND METHODS

Preparation of Proteins.Wild-type sperm whale myoglobin
was prepared according to themethod of Springer and Sligar (41)
as modified by Carver et al. (42). The H64F and V68T mutant
genes were constructed using the cassette mutagenesis system
developed by B. A. Springer and K. Egeberg at the University
of Illinois (Urbana, IL) (43). The T67P and H97D mutants
were reconstructed at Rice University for this work using
oligonucleotide-directed mutagenesis with a pET29 vector
containing the gene for WTMb to increase yields. All variants
were expressed and purified at Rice University following
the procedures used for WT Mb, except for the T67P and
H97D mutants, which were expressed in E. coli BL21-DE3
(Stratagene) and grown at 30 �C for 16-20 h post lag phase in
Luria-Bertani medium with 50 μg/mL kanamycin (Sigma). If
needed, the protein was purified further using a Superdex-200
gel filtration column (Amersham Biosciences) attached to an
FPLC system (Amersham Bio AKTA), and the purity was
g95% as assessed by SDS-PAGE gels and Soret/280 absor-
bance ratios. The holoMb concentrations were determined
spectroscopically using an ε409 of 157 mM-1 cm-1 for the
aquomet forms of WT, T67P, V68T, and H97D Mb (1) and
with an ε393 of 93 mM-1 cm-1 for the ferric pentacoordinate
H64F variant [based upon the CO-bound form at 424 nm using
an ε424 of 187 mM-1 cm-1 for all the MbCO samples (1)].
ApoMb was prepared using a methyl ethyl ketone extraction
method at low pH (39, 44). The resultant apoprotein was then
filtered to remove any precipitated protein and used immedi-
ately. The concentrations of apoMb variants were determined
spectroscopically using an ε280 of 15.2 mM-1 cm-1 (45).
Sample Preparation and Spectroscopic Measurements.

The samples were prepared using an 8 M stock of guanidine
hydrochloride (GuHCl) (Sigma), appropriate amounts of potas-
sium phosphate buffer (Fisher Scientific) to bring the concentra-
tion to 10 mM at pH 7, purified Milli-Q water, and concentrated
protein. The mixtures were left to equilibrate for 2 h at 20 �C.
Spectroscopic measurements were taken on a Jasco 610 instru-
ment for CD, a Varian Cary Eclipse instrument for fluorescence
emission, and a Varian Cary 50 instrument for UV-visible
absorbance spectra. Each sample chamber was equipped with a
Peltier temperature regulator. A reference hemichrome spectrum
was generated via addition of high concentrations of imidazole
to the ferric myoglobins using a pH-adjusted 1 M stock solu-
tion from the powder form (Sigma). To examine the reversibility
of hemichrome formation, we rapidly reduced anaerobically
metMb samples containing hemichrome intermediates by addi-
tion of sodium dithionite (Fluka).
Fitting of ApoMb Equilibrium Unfolding Data. Equilib-

rium unfolding of the apoMb variants was followed by both far-
UVCDand intrinsic fluorescencemeasurements and analyzed in
terms of the three-state mechanism represented in Figure 2. The
amount of helical content was analyzed by measuring the
ellipticity at 222 nm. Changes in the environment of the Trp side
chains were followed by measuring fluorescence emission at 341
nm, which gives rise to a bell-shaped curve with an increase in
fluorescence for the intermediate I state and a decrease for the
completely unfolded or U state [see Figure 2 (12, 15, 16)]. This
rise and fall of fluorescence intensity allows better definition of
the three-state unfolding parameters. The origin of the hyper-
fluorescence from the intermediate state still remains unclear.
The fluorescence of WT apoMb has been suggested to reflect

FIGURE 1: Cartoon representation of sperm whale Mb with residues
of interest depicted as sticks: His64 (red), Thr67 (green), Val68
(purple), His97 (cyan), His93 (navy blue), and Trp7 and Trp14
(yellow). The other His residues are depicted as black sticks. Helices
A-H are labeled in white. Heme is represented as brown sticks. The
figure was created using PyMol and PDB entry 1JP6.
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emission from Trp7 centered at 333 nm, which is quenched by
Lys79 in the folded state but not in the intermediate, and emission
centered at 321 nm from Trp14, which is buried in the apolar
region among the A, G, and H helices in both the N and I states
and quenched only after unfolding (10, 12, 46-48). Alternatively,
the hyperfluorescence of the intermediate could be caused by the
enhanced flexibility of the fluorophores in the intermediate
state (49).

The equilibrium unfolding curves from far-UV CD and
fluorescence data for apoMb variants were fit to a two-step,
three-state mechanism, allowing the KNI

0 and KIU
0 equilibrium

stability constants for the N-to-I and I-to-U transitions, respec-
tively, to vary. The linear dependencies of the corresponding free
energies for the N-to-I and I-to-U transitions on GuHCl
concentrations are defined by mNI and mIU values, respectively.

KNI ¼ ½I�
½N� ¼ KNI

0 exp
mNI½GuHCl�

RT

� �
ð1Þ

KIU ¼ ½U�
½I� ¼ KIU

0 exp
mIU½GuHCl�

RT

� �
ð2Þ

The observed signal at a given GuHCl concentration is the
weighted sum of the observable signals, SN, SI, and SU, for each

state (11, 12, 14, 16), which is expressed as

S ¼ SN þSIKNI
0 exp

mNI½GuHCl�
RT

� ��

þSUKNI
0KIU

0 exp
ðmNI þmIUÞ½GuHCl�

RT

� ��

= 1þKNI
0 exp

mNI½GuHCl�
RT

� ��

þKNI
0KIU

0 exp
ðmNI þmIUÞ½GuHCl�

RT

� ��
ð3Þ

The mNI and mIU values for the N-to-I and I-to-U transitions
were fixed to 2.35 and 1.36 kcal mol-1 M-1, respectively (11, 16),
assuming that the single-point mutations do not significantly
affect the change in hydrophobic exposure among theN, I, andU
states. Therefore, only the unfolding parameters, KNI

0 and KIU
0,

were allowed tomodulate theN-to-I and I-to-U transitions of the
apo variants. The signal intensities of the N, I, and U states were
either fit for each variant or fixed to WT values when poorly
defined, i.e., for T67P and V68T apoMb where the N state is not
completely populated after heme removal.
Fitting of HoloMb Equilibrium Unfolding Data. The

equilibrium unfolding curves for the ferric holoMb variants were
also obtained at single wavelengths and analyzed in terms of the
six-state mechanism, which is shown in Scheme 1. This mecha-
nism is based on the assumption that heme can bind to all three
apo states. The amount of helical content was analyzed using
ellipticity at 222 nm. For fluorescence detection, large emission
increases were observed at 355 nm and reflect the loss of hemin,
which, when bound, quenches almost all Trp fluorescence. For
absorbance detection, the unfolding data were analyzed at the
Soret wavelength maximum of the ferric state for each variant:
409 nm for WT, T67P, V68T, and H97D and 393 nm for H64F
metMb.

The six-state unfolding model was applied to the holoMb
unfolding curves. In this equilibrium model, the KNI

0 and KIU
0

stability constants and mNI and mIU values for the N-to-I and
I-to-U transitions of apoMb, respectively, were determined
independently in separate experiments with the apo forms and
not allowed to vary. The heme dissociation constants from all
possible heme-bound states, NH (metMb), IH, and UH, were
allowed to vary to define the equilibrium unfolding curves for

FIGURE 2: GuHCl-induced equilibrium unfolding of apoMb var-
iants. We obtained the unfolding curves by normalizing the
changes in far-UV CD at 222 nm to 1.0 for native WT apoMb
and assuming that the U states of all five variants have the same
CD222 and by normalizing fluorescence emission intensities at
341 nm to 1.0 for the final, completely unfolded state of each
mutant. Global fits to a three-state mechanism are shown for
WT (black), H64F (red), T67P (green), V68T (purple), and H97D
(cyan). Conditions: 10 μM protein, 10 mM potassium phosphate
buffer, pH 7, 20 �C. The three-state unfolding mechanism is
depicted on the right, with the structures of N, I, and U states.
The structures were created using PyMol and PDB entry 1JP6 for
WT holo-metMb, taking into account the secondary structure
present in the N state (6-8) and in the I state (8, 17). The thick
ribbons indicate intact helical secondary structure, and the thin
lines represent unfolded structures. The U state is considered
completely unfolded.

Scheme 1: Six-State Model for the Unfolding of HoloMb
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holoMb. The three hemin dissociation constants are defined as

KNH ¼ ½N�½H�
½NH� ¼ KNH

0 exp
mNH½GuHCl�

RT

� �
ð4Þ

KIH ¼ ½I�½H�
½IH� ¼ KIH

0 exp
mIH½GuHCl�

RT

� �
ð5Þ

KUH ¼ ½U�½H�
½UH� ¼ KUH

0 exp
mUH½GuHCl�

RT

� �
ð6Þ

The dependencies on GuHCl concentration are represented by
mNH,mIH, andmUH.To thebest of our knowledge,m values for the
dissociation of hemin from globins have never been reported, and
our determination of these parameters is discussed in Results.

The population fractions of each species were computed
by first obtaining the free concentration of heme [H] from the
following root of a complex quadratic equation:

½H� ¼ - ðKNH þKNHKNI þKNHKNIKIUÞf

þ ðKNH þKNHKNI þKNHKNIKIUÞ2þ4P0 1þKNHKNI

KIH

��

þKNHKNIKIU

KUH

�
ðKNH þKNHKNI þKNHKNIKIUÞ�1=2g=

2 1þKNHKNI

KIH
þKNHKNIKIU

KUH

� �� �
ð7Þ

The fraction of each species was calculated using the free heme
concentration [H], the two apoMb stability constants, and the
three equilibrium constants for the dissociation of heme:

YNH ¼ 1= 1þKNH

½H� þ
KNHKNI

½H� þKNHKNIKIU

½H� þKNHKNI

KIH

�

þKNHKNIKIU

KUH

�
ð8Þ

YIH ¼ KNHKNI

KIH
= 1þKNH

½H� þ
KNHKNI

½H� þKNHKNIKIU

½H�
�

þKNHKNI

KIH
þKNHKNIKIU

KUH

�
ð9Þ

YUH ¼ KNHKNIKIU

KUH
= 1þKNH

½H� þ
KNHKNI

½H� þKNHKNIKIU

½H�
�

þKNHKNI

KIH
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KUH

�
ð10Þ

YN ¼ KNH

½H� = 1þKNH

½H� þ
KNHKNI

½H� þKNHKNIKIU

½H� þKNHKNI

KIH

�
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KUH

�
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YI ¼ KNHKNI

½H� = 1þKNH

½H� þ
KNHKNI

½H� þKNHKNIKIU

½H�
�

þKNHKNI

KIH
þKNHKNIKIU

KUH

�
ð12Þ

YU ¼ KNHKNIKIU

½H� = 1þKNH

½H� þ
KNHKNI

½H� þKNHKNIKIU

½H�
�

þKNHKNI

KIH
þKNHKNIKIU

KUH

�
ð13Þ

The fraction of free hemin (YH) is given by the sum of the
fractions of apoglobin states (YN þ YI þ YU). Each of the

stability and affinity constants depicted in eqs 8-13 was com-
puted at different GuHCl concentrations using the mNI, mIU,
mNH, mIH, and mUH values as defined in eqs 1, 2, and 4-6,
respectively, to determine the fractions of each species as a
function of GuHCl concentration.

The Soret absorbance, CD, and fluorescence signals were
computed from

S ¼ SNYN þSNHYNH þSIYI þSIHYIHþSUYU þSUHYUH

þSHYH ð14Þ
The fitted signal parameters (SN through SUH) for the UV-visible
absorbance, CD, and fluorescence of the various unfolding states
of the Mb variants are given in the Supporting Information for
each of the fits shown in Figures 2 and 3, along with detailed
interpretations of the differences between the states and mutants.
Roughly, the normalized CD222 signal for all of the NH states was
1.0. The SN(CD) values ranged from 0.7 (H64F) to 0.4 (T67P).
SI(CD) and SIH(CD) were both between 0.17 and 0.55. SU(CD)
and SUH(CD) were defined as ∼0.0 for all the proteins. The Soret
absorbance change signal for holo-metMb in the NH state, SNH-
(Abs), was defined as 1.0 for all the variants. The SIH(Abs) signal
was allowed to vary. The SUH(Abs) signal was set to be small. The
S(Abs) values for the apoprotein species were defined as 0.0. The
fluorescence change signals were defined on the basis of a normal-
ized SU(F) value of 1.0 for the unfolded apoMb state. SNH(F) was
assigned an initial value of 0.0. SN(F) and SI(F) were calculated
using the apoMb results. SIH(F) was allowed to vary. In the
holoMb experiments, fluorescencewasmeasured at 355 nm, and as
a result, the signal coefficients for the N and I states obtained for
the apoMb unfolding experiments do not apply directly to the
holoMb experiments (see the Supporting Information).

In general, holoMb unfolding should depend on the total
protein concentration because it involves dissociation of heme,
which should be facilitated at low concentrations. Hargrove and
Olson (22) examined the dependence of holoMb unfolding on
total protein concentration and observed very little change in the
unfolding curves over the range from 6 to 160 μM. They
attributed this lack of dependence to nonspecific hemin binding
to unfolded Mb. We have verified their calculations and also
examined theoretically the effect of hemin dimerization following
dissociation from the protein (37). The addition of a free hemin
dimerization step after unfolding greatly complicates the anal-
ysis, leading to a cubic equation for the concentration of free
monomeric hemin. We are examining this problem experimen-
tally, which requires measuring holoMb unfolding curves over a
very wide range of total protein concentrations (from 1 to 100
μM) and determining independently the dependence of hemin
dimerization on GuHCl concentration. Our current results
indicate that the only significant effects of including the hemin
dimerization step are 2-4-fold decreases in the fitted hemin
dissociation constants for the N and I states. The basic conclu-
sions shown in Tables 1 and 2 and Figures 3-5 remain un-
changed upon comparison of theMb variants, and the structural
interpretation of the IH intermediate is unaffected. Thus, for this
paper, we neglected the added complexities of hemin dimeriza-
tion and variation of protein concentration.

RESULTS

Equilibrium Unfolding of ApoMb Variants. The GuHCl-
induced unfolding of each apo variant was monitored by far-UV
circular dichroism (CD) and tryptophan fluorescence emission.
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Overlays of both measurements for all variants are shown in
Figure 2. In most cases, the CD data reveal an inflection point in
the unfolding curves indicative of a populated intermediate; how-
ever, the CD data alone are not sufficient to define accurately
the stability parameters for the N-to-I and I-to-U transitions.
The fluorescence unfolding curves demonstrate unequivocally the
presence of an intermediate, which is characterized by hyper-
fluorescence centered at a wavelength between the fluorescence
peaks for the native N and unfolded U states, as observed
previously (12, 15, 16). We have assumed that the signals from
both CD and fluorescence emission report on the same intermedi-
ate, and as described by Hargrove et al. (12), Scott et al. (16), and
Smith (11), the unfolding data were fit simultaneously to a
three-state N-to-I-to-U equilibrium unfolding mechanism analo-
gous to the one originally developed by Barrick, Baldwin, and
colleagues (50-53). For each mutant andWT apoMb, we success-
fully obtained fittedKNI

0 andKIU
0 stability constants for theN-to-I

and I-to-U transitions in the absence of denaturant, and the values
are listed along with free energy parameters in Table 1.

As expected, the unfolding data for the five apoMb variants
were readily interpreted in terms of a three-state model. The
shape of the unfolding curve is directly influenced by the
population fraction and respective signals for each of the three
states, as depicted in eq 3. The populations of each state are
markedly dependent on the stability constants KNI

0 and KIU
0,

which vary between the mutants, whereas them values for the two
transitions are relatively invariant and were kept constant. The
respective signals for the folded (N) and intermediate (I) states of
each apoprotein vary due to the structural changes induced by the
point mutation. These effects are most noticeable for the hyper-
fluorescence intensity of the molten globule intermediate in H64F,
which is significantly less intense than that in H97D. This decrease
in intermediate fluorescence for H64F could reflect a more
compact molten globule because of its increased core hydropho-
bicity and stability. The CD unfolding curves also reveal a
disparity between the higher helical content of the N and I states
of H64F when compared to lower helical content for the same
T67P states (see Table S1 of the Supporting Information).

The variants show a wide range of stabilities for the N states,
with theH64Fmutant being themost stable and the T67P variant
being the least stable. As expected, KIU

0 is much less affected by
these distal pocket mutations than KNI

0, supporting the view that
the heme pocket is melted in the molten globule intermediate
I state. TheH64F substitution increases the hydrophobicity of the
heme pocket, inhibiting its unfolding and decreasing KNI

0 3-fold
(Table 1). The H97D variant displays stabilities for the N and
I states that are similar to those of WT apoMb because the
imidazole side chain of residue 97 is solvent-exposed. The V68T
substitution increases the polarity of the heme pocket by inserting
an additional polar side chain adjacent to the ligand binding site
and causes a marked decrease in the stability of the N state, which
is reflected by the 6-fold increase in KNI

0 (12). Finally, the T67P
variant introduces a “kink” in the E helix, lowering its stability
and that of the entire heme pocket in the N state, resulting in a
dramatic 30-fold increase in KNI

0.
Unfolding of WT HoloMb. The general scheme for the

unfolding of amonomeric heme protein is shown in Scheme 1 and
allows heme,H, to bind to all three apoprotein states (N, I, andU).
The unfolding equations derived from this mechanism are given in
Materials andMethods. In our analysis, the parameters for the un-
folding of the apoprotein species were fixed on the basis of indepen-
dent analysis of the apoglobin data shown in Figure 2. We were

able to fit simultaneously the absorbance, far-UV CD, and trypto-
phan fluorescence unfolding curves for holoMb to the general six-
state unfolding model and obtain estimates of the hemin dissocia-
tion constants [KNH

0,KIH
0, andKUH

0 (dissociation constants in the
absence of denaturant)] for the three holoMb states (Table 2).

The agreement between the observed data and the fitted curves
is remarkably good (Figure 3), considering that the key apoMb
unfolding parameters were fixed to the values listed in Table 1.
The fractions of each state during unfolding are also shown in
Figure 3. The complete set of data for all five variants demon-
strates unequivocally that unfolding of holoMb is not a one-step
process and involves equilibrium populations of IH and I states
at moderate denaturant concentrations. However, as observed
previously, the curves for WT holoMb by themselves are not
definitive with respect to the presence of an IH state.

The dissociation constant KNH
0 for WT holoMb was estimated

to be ∼0.9�10-13 M at pH 7 and 20 �C, which is in reasonable
agreementwith the equilibriumdissociation constant (K-H∼ 0.3�
10-13 M) computed from the ratio of dissociation and association
rate constants forWTmetMb at pH 7, but at a higher salt concen-
tration in 0.45Msucrose at 37 �C (Table 2) (22, 30). In addition, we
were able to successfully estimate KIH

0, which is ∼1.4�10-11 M,
indicating that the hemin affinity of the WT I state is ∼100-fold
weaker than that of theN state. The value ofKUH

0 is poorly defined
but estimated to be∼10-6M for all five variants, in agreementwith
previous estimates of heme binding to unfolding apoMb and apo-
cytochrome b562 (see Discussion and refs 22 and 40).
H64F, a Variant with Increased ApoMb Stability but

DecreasedHeminAffinity. The unfolding of theH64Fmutant
is depicted in Figure 3. This mutant was selected because the Phe
substitution increases the stability of the N state of the apo form
by replacing the polar imidazole side chain with a relatively
apolar aromatic ring which excludes water from the heme
pocket (5, 12).However, removal of the distal histidine eliminates
the His64 hydrogen bond to the water molecule that is coordi-
nated to the hemin iron atom. As a result, water is no longer
bound to the iron atom, and H64F metMb is pentacoordinate,
showing a much weaker Soret band at 393 nm instead of the
strong 409 nmband seen for the aquomet formofWTmetMb. In
addition, the affinity of the N state of H64F apoMb for hemin is
∼4-fold weaker than that ofWT apoMb. In terms of dissociation
equilibrium constants,KNH(H64F) is∼4� 10-13M compared to
KNH(WT) which is ∼0.9 � 10-13 M.

As observed for WT holoMb, the unfolding curves for H64F
holoMb do not have obvious inflection points; however, the
unfolding curves are clearly broadened, and the transition
midpoints occur at a slightly higher GuHCl concentration than

Table 1: Stability Parameters for the ApoMb Variantsa

apoMb KNI
0 KIU

0 1/KNU
0

WT 0.021 0.019 2500

H64F 0.0061 0.011 15000

T67P 0.67 0.029 51

V68T 0.13 0.017 450

H97D 0.013 0.061 1300

aThe GuHCl-induced unfolding measurements were taken in 10 mM
potassium phosphate at pH 7 and 20 �C. KNI

0 and KIU
0 were obtained by

fitting simultaneously bothCDand fluorescence signals for the unfolding of
the apoMb variants to the three-state unfolding mechanism using eq 3 (see
Table S1 of the Supporting Information). The values of mNI and mIU were
set to 2.35 and 1.36 kcal mol-1 M-1, respectively.
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Table 2: Hemin Dissociation Constants and m Values for the NH and IH States of Holo-metMb Variantsa

holoMb KNH
0 (M) mNH (kcal mol-1 M-1) KIH

0 (M) mIH (kcal mol-1 M-1) K-H (M) at pH 7-8b K-H (M) at pH 5b

WT 0.88� 10-13 4.4 1.4� 10-11 4.0 0.28 � 10-13 28 � 10-13

H64F 4.1� 10-13 3.5 1.0� 10-11 3.3 2.2 � 10-13 130 � 10-13

T67P 1.0� 10-13 4.3 3.6� 10-11 2.8 not determined not determined

V68T 0.016� 10-13 4.1 1.5� 10-11 3.2 e0.05 � 10-13 1.1 � 10-13

H97D 84� 10-13 3.4 8.8� 10-11 2.4 180 � 10-13 1100 � 10-13

aThe unfolding measurements were taken in 0.01 M potassium phosphate at pH 7 and 20 �C. KUH
0 andmUH were fixed to 1.0 x10-6 M and 2.4 kcal mol-1

M-1, respectively, for all five variants as described in Discussion. The CD, fluorescence, and Soret absorbance signal parameters are given in Table S2 of the
Supporting Information. bThe values for K-H were computed from the hemin dissociation rate constants assuming that the association rate constant is 1.0�
108 M-1 s-1 for all five variants, as described by Hargrove et al. (30). The dissociation rate constants were taken from data at pH 7 and 5 at 37 �C in 0.45 M
sucrose and 0.15 M sodium phosphate or acetate, respectively (22, 29). Unfortunately, the dissociation rate constant for H64F at pH 7 reported by Hargrove
et al. (29) is a misprint (i.e., the real value is 0.1 h-1 and not 0.01 h-1). We used the value of 0.08 h-1, which was measured by Hargrove et al. (39).

FIGURE 3: GuHCl-induced equilibrium unfolding of holoMb variants. The left panels represent the unfolding data from far-UV CD at 222 nm
(blue), fluorescence emission at 355 nm (red), and Soret absorbance (green), with the best fit to the six-state unfoldingmodel. The right panels depict
the population fractions of each species with regard toGuHCl concentration. Conditions: 10 μMprotein, 10mMpotassiumphosphate, pH 7, 20 �C.
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those for WT holoMb. Fitting to the six-state model suggests the
presence of a significant population of the IH state during
unfolding, which causes broadening of the overall unfolding
transition. Fitting to a two-state model would require a signifi-
cant decrease in the overall unfolding m value, which is unlikely
to be caused by a single point mutation. The lower value ofKNH

0

forH64FmetMb is in agreementwith the smaller value estimated
from the ratio of the dissociation and association rate constants
for hemin binding to this mutant (Table 2) (29). The equilibrium
constant for dissociation of hemin from the mutant IH state,
KIH

0, is estimated to be 1.0� 10-11M, which is similar to that for
the WT Mb intermediate (Table 2).

The presence of an IH state during unfolding ofH64FholoMb is
suggested by a red shift of the Soret band to 410 nm at a GuHCl
concentration favoring∼50%net unfolding.We deconvoluted the
UV-visible absorbance spectra of H64F holoMb/GuHCl mix-
tures near the unfolding midpoint to obtain the absolute spectrum
of the IH state. The result is shown in Figure 4B. Interestingly, the
deconvoluted IH spectrum is characteristic of a hemichrome
species with a Soret maximum at 415 nm, a major low-spin β
band at 535 nm, and an R band shoulder at 565 nm (35). Thus, we
propose that the IH state inMb is a hemichrome. Unfolding of the
heme pocket of the holoprotein appears to allow formation of a
bis-histidyl linkage to the heme iron even in the absence of a
distal histidine. Thus, the hemichrome-like IH state may involve
bis-His coordination by alternative sets of two histidines in the
heme pocket region, and not just His64 and His93 (Figure 1).
Alternatively, the bis-axial coordination could arise from a Met/
His pair, and there is oneMet side chain in the heme pocket region,
Met55(D5).
T67P: A Variant with Wild-Type Hemin Affinity but an

Unstable N State. The unfolding of the holo T67P mutant is

depicted in Figure 3. This mutant was selected as a variant with a
highly destabilized apoglobin N state (Table 1, largest KNI

0 value)
due to insertion of proline in the middle of the E helix (Figure 1).
However, the affinity of the apoproteinN state for hemin is similar
to that ofWTMb. The unfolding curves of T67P holoMb all show
well-defined inflection points, which demonstrate unambiguously
the presence of an intermediate species. These data were readily fit
to the six-state model, and themajor intermediate species is the IH
state, which dominates at ∼1.4 M GuHCl. The IH state for this
mutant is favored because of the instability of the apoMbN state,
which facilitates partial unfolding even with the hemin cofactor
bound. Analysis of the UV-visible absorbance spectra during
unfolding reveals directly that the IH state is a hemichrome-like
species, which is characterized bydistinct absorbance bands at 415,
535, and 565 nm (35). For this mutant, the hemichrome spectrum
can be observed almost by itself at the midpoint GuHCl concen-
tration because the fraction of IH is ∼0.90 (Figure 3). The
deconvoluted spectrum of the IH state for T67P metMb is shown
in panels A and C of Figure 4.

The fitted parameters for T67P metMb unfolding are listed in
Tables 1 and 2. As expected, this mutation does not affect heme
affinities, and the computed hemin dissociation constants remain
similar to those for WT metMb with a KNH

0 of ∼1.0 � 10-13 M
and aKIH

0 of∼3.6� 10-11 M (Table 2). Only the apoMbN-to-I
unfolding parameters are affected by the T67P substitution
(Table 1). However, the large increase in KNI

0 causes a marked
effect on the holoMb unfolding curves and a dramatic increase in
the population of the IH state, allowing its spectral properties to
be characterized and assigned unambiguously to a hemichrome
species.
V68T: A Variant with Increased Heme Affinity but

Decreased Stability of the N State. The V68T mutant was

FIGURE 4: (A and B) Absorbance spectra of T67P and H64F in the native folded NH, IH, and U þ H states. All absorbance values were
normalized to the peak absorbance of WT metMb at 409 nm at 10 μM total heme, which was the concentration used for all the samples. The
normalized scale for the visible region (450-700 nm) is 0-0.15. Deconvoluted spectra for the IH states were computed assuming the startingNH
and finalUþHstates shown in the panels and then subtractingweighted sumsof these spectra from the spectrameasured at themidpointGuHCl
concentrationwhere the fraction of the IH state is the largest. The fractions ofNH, IH, and freeH at the intermediate GuHCl concentration were
estimated from the fitted parameters inTable 2 and eqs 8-13. (C)Overlay of the deconvoluted spectra of the IH states for T67P,H64F, andH97D
Mbobtained fromtheGuHCl titrations and the spectrumof imidazole bound toH97DmetMb (at 100mMfree imidazole). (D) Spectra forH97D
holo-metMb in the absence (solid line) and presence (dashed line) of 1.4 M GuHCl, before reduction (black) and after addition of sodium
dithionite (gray). Buffer conditions: 10 mM potassium phosphate, pH 7, 20 �C.
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selected as a variantwith anunstableNapoMbstate (i.e., increased
KNI

0) but a markedly increased affinity for heme (22). The Thr68
hydroxyl group forms an additional strong hydrogen bond with
coordinated water, which stabilizes bound hemin, reduces its rate
of dissociation, and decreases KNH

0 markedly (22).
As observed for WT metMb, the unfolding curves for V68T

holoMb appear to be highly cooperative and indicative of a two-
state mechanism, but the holoprotein unfolding transition is
shifted toward a higher GuHCl concentration, i.e., ∼2.0 M
(Figure 3). Fitting of these data to the six-state unfolding model
reveals that the increase in the transitionmidpoint is caused by an
∼50-fold increase in the heme affinity of the N state (KNH

0

decreases from ∼0.9 to ∼0.02 � 10-13 M) even though the
stability of the N apoprotein state is decreased ∼5-fold [KNI

0

increases from 0.02 to 0.13 (Table 1)]. The fits do suggest the
presence of an IH state during unfolding, but it is present at
e40% at the unfolding midpoint. We were able to deconvolute a
hemichrome spectrum at this denaturant concentration, but the
noise was considerable due to the smaller population of IH and
larger amounts of NH and U þ H states. As is the case for the
other mutants, the fitted parameters suggest that the affinity of
the I state for hemin is similar to that for the WT intermediate
with a KIH

0 of ∼1.7 � 10-11 M (Table 2).
H97DMb: AVariant with aMarkedly Decreased Heme

Affinity butWild-Type ApoMb Stability. TheH97Dmutant
has an ∼100-fold decreased affinity for hemin while retaining N
and I apo state stabilities similar to those forWTMb. The H97D
substitution disrupts favorable electrostatic interactions among
theHis97 side chain, the Ser92 hydroxyl group on the F helix, and
the heme 7-propionate (54). This disruption markedly increases
the rate of hemin dissociation and the equilibrium dissociation
constant (KNH

0) but has little or no effect on the unfolding of
apoMb (Figure 2, Table 1, and ref 22).

The unfolding curves for H97D metMb (Figure 3) all show
inflection points, demonstrating unambiguously the presence of
an intermediate, and the fitted parameters show that the biphasic
nature of the curves is caused bypopulation of the IH state, which
reaches a maximum of ∼80% at ∼1.5 M GuHCl. As is the case
for the T67P mutant, the absorbance spectrum of H97D metMb
at ∼1.5 M GuHCl indicates a hemichrome species (Figure 4D).
The deconvoluted spectrum for the IH state of H97D Mb is
shown in Figure 4C and is identical to that of the IH species for
T67P and H64F Mb.

The fitted parameters for H97D holoMb show that theN state
has an ∼100-fold lower affinity for hemin, with a KNH

0 of 84 �
10-13 M, which is similar to that estimated previously from
association and dissociation rate constants for hemin binding to
this mutant (Table 2) (22). The affinity of the I state of H97D
Mb for hemin is also lower, with a KIH

0 increasing from ∼1.4 to
∼8.8 � 10-11 M. This ∼6-fold decrease in affinity suggests that
the unfavorable electrostatic interactions caused by the H97D
mutation at the FG loop also weaken the affinity of the I state for
hemin even though the heme pocket is unfolded.
The IH State Is aHemichrome.All theMb variants appear

to populate an IH state during unfolding of the holoprotein, but
the extent varies greatly from e20% for WT holoMb to ∼80
and ∼90% for the H97D and T67P mutants, respectively. The
deconvoluted absolute spectra of the IH state for the T67P and
H64F variants are shown in Figures 4A and 4B, respectively, and
compared to the starting spectra ofmetMband that of the finalU
state with free hemin. The deconvoluted IH spectra of the three
variants showing the highest population of IH states are overlaid

in Figure 4C and compared to that for H97D metMb titrated
with excess imidazole (100 mM, pH 7) to create a bis-imidazole
hemichrome in theNH state. All four spectra are superimposable
and display the low-spin peak at 535 nm, the 565 nm shoulder,
and the red-shifted Soret band at 415 nm, characteristic of a bis-
histidyl or a methionyl-histidyl hemichrome.

Surprisingly, the IH species appears to exhibit ∼40% of the
fluorescence of the completely unfolded U state even though
hemin is still bound. This property is clear for T67P Mb
(Figure 3). At 1.4 M GuHCl, IH is the dominant species with a
clear hemichrome UV-visible spectrum, roughly the same CD
signal as the I state of T67P apoMb (∼30% of completely folded
holoMb), and roughly 40% of the fluorescence of the U state of
apoMb. Because hemin is still bound, we expected that the Trp
fluorescence would remain almost completely quenched, but it is
not. This result suggests that the angle for fluorescence resonance
energy transfer is much less favorable than in the native state,
expansion of the heme pocket size has moved the porphyrin ring
farther from the two Trp side chains positioned along the A helix,
and/or the enhanced mobility of the Trp residues in this molten
globule state reduces the level of both solvent quenching and
resonance energy transfer.

The hemichromes involved in Hb and Mb degradation have
often been associated with irreversibility (35). However, the
GuHCl-induced unfolding curves for holo-metMb are reversible
and independent of how the mixtures are made. We conducted
kinetic experiments in which holoMb at a high GuHCl concen-
tration was rapidly diluted into buffer and vice versa. The same
equilibrium state was obtained in each case. For example, upon
dilution into buffer, the hemichrome IH state of H97D induced
by 1.4 M GuHCl refolds, within the dead time of our stopped-
flow apparatus, into the native metMb form with a “normal”
Soret maximum at 409 nm and visible absorbance bands at 505
and 630 nm indicative of high-spin aquohemin.

We also tested whether the IH hemichrome in H97D could
refold into a native-like pentacoordinate deoxyMb state after
rapid reduction.As shown inFigure 4D,whenH97DmetMb in 1.4
M GuHCl is reduced anaerobically with a slight excess of sodium
dithionite, a normal, pentacoordinate deoxyMb species was
formed immediately and showed a broad Soret maximum at 434
nm and a single visible absorbance band centered at 558 nm. No
evidence of a hemochrome (bis-imidazole complex with heme iron
in the reduced state) spectrumwas observed under these conditions
at 1.4 M GuHCl, which Hargrove and Olson (22) showed is too
small to induce any denaturation of WT or H97D deoxyMb.
Wittung-Stafshede et al. (55) conducted a similar experiment with
native metMb denatured with 2.5 M GuHCl. In their experiment,
reduction was induced by photoexcitation of NADH with a
nanosecond Nd:YAG laser. Almost completely denatured metMb
folded into pentacoordinate, native-like deoxyMb within 2-3 ms
(τ ≈ 0.3 ms) after photoreduction. Thus, the hemichrome IH
intermediate appears to be fully reversible and able to fold back
rapidly into highly stable ferric or reduced NH states.
m Values for Hemin Dissociation Constants. In our

analysis, we have assumed that all three hemin dissociation
constants are increased in the presence of GuHCl and that there
is a linear free energy relationship between ΔG� for hemin disso-
ciation and GuHCl concentration, as expressed by eqs 4-6. If
KNH were independent of GuHCl concentration, and the dena-
turant affected only the apoMb unfolding constants as shown in
Figure 2, then the computed [GuHCl]1/2 would be ∼3.5 M for
WT holoMb, which is markedly greater than the observed value
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of∼1.8M (Figure 3). Thus, it is clear that GuHCl induces hemin
dissociation, and the fittedmNH,mIH, andmUHvalues help define
the steepness and transition midpoint of the holoMb unfolding
curves. The absolute values of mNH and mIH are unexpectedly
larger than those for theN-to-I and I-to-U transitions of apoMb,
4.4-2.4 kcal mol-1 M-1 for hemin dissociation versus 2.3-1.4
kcal mol-1 M-1 for apoglobin unfolding.

To verify the strong dependence of KNH on GuHCl concentra-
tion, we measured the rate of hemin loss from H97D metMb as a
function of GuHCl concentration in the range from 0.0 to 0.6 M,
and the results are shown in Figure 5. These experiments were
conducted under the conditions used for equilibrium unfolding
(10 mM phosphate, pH 7, 20 �C) and in the absence of sucrose,
which is normally added as a stabilizing agent to inhibit precipita-
tion of the resulting apoglobin (39).As a result, the observed rate of
dissociation of hemin fromH97DmetMb ismuch slower than that
reported previously for this mutant in high salt and sucrose at
37 �C (29). As predicted from the results in Table 2, the rate of
hemin dissociation depends strongly on GuHCl concentration,
even at these low concentrations where little or no net equilibrium
unfolding occurs (see 0 to 0.6 M GuHCl regions in Figure 3). The
observed rate of loss of hemin from H97D metMb increases from
∼0.15 h-1 at 0M to∼4 h-1 at 0.6 MGuHCl. A plot of ln k-hemin

versus GuHCl concentration is linear with an apparentm value for
the kinetic free energy barrier to hemin dissociation of ∼3.0 kcal
mol-1 M-1. This value is large and on the order of those obtained
for equilibrium hemin dissociation from the NH and IH states of
thismutant [i.e.,mNH∼ 4, andmIH∼ 3 kcalmol-1M-1 (Table 2)].
The agreement between the kinetic and equilibrium m values for
hemin dissociation appears reasonable considering the difference in
the type of free energy measurement, i.e., equilibrium ΔG� versus
kinetic ΔGq determinations.

DISCUSSION

Relevance of ApoMb Unfolding to the Assembly and
Denaturation of the Holoprotein. The unfolding of apoMb
has been studied in great detail over the past 20 years. The three-
statemechanism is well-established, and the structural nature of the
molten globule intermediate or I state has been characterized by
both mutagenesis andNMR approaches (14, 17, 19, 56). However,

the relevance and applicability of these results to understanding
both the assembly and denaturation of holoMb had not been esta-
blished and were the goals of this work. The key problem is that
chemical or thermal unfolding of WT holoMb is highly concerted
and superficially resembles a two-state process because of the
high affinity of theN apoMb state for hemin (Figure 3, top panels).
In this case, the concentration of denaturant required to dissociate
hemin from the N state is higher than that required to unfold
the initial apoprotein N state and the partially unfolded mol-
ten globule I state. To resolve the role of the apoglobin intermediate
in holoprotein unfolding and assembly, we expanded our previous
work (22) to include a combined analysis of the unfolding of WT
and four holoMbmutants. Themutationswere designed to vary the
stability of the apoMbN state and its affinity for heme to visualize
heme binding to the apoglobin folding intermediate. As shown in
Figure 3, thismutagenesis approachwas successful. Our underlying
assumption is that the same basic six-state mechanism applies to all
five variants and that the mutations affect only the hemin dissocia-
tion and apoglobin unfolding parameters. The success of the fits
and correlations of the parameter changes with expected structural
effects imply that this assumption is a good approximation. Thus,
one key conclusion is that the well-established mechanism for
apoMb unfolding is directly relevant to holoMb unfolding and
assembly, particularly when interpreting the effects of mutagenesis
on overall stability and the appearance of intermediates.

These results are also relevant to holoprotein assembly in vivo.
Graves et al. (31) and others (11, 12, 16) have suggested that
expression levels of hologlobins in bacteria are proportional to
the stabilities of the corresponding apoproteins because heme
insertion is often limiting when high-copy number plasmids
are used and maximal transcription is induced. Under these
conditions, the rate of holoprotein production is determined
by the rate of heme synthesis or transport times the fraction of
apoglobin that is folded and competent to bind heme (31). One
key question in this interpretation is whether heme can bind to
the molten globule apoglobin intermediate and facilitate
formation of the holoprotein.
IH Hemichrome and HoloMb Assembly. Hemichromes

have long been associated with irreversible degradation of Hb and
formation ofHeinz bodies in red cells (35), and presumably similar
degradation processes occur for Mb in vitro or in myocytes. Our
results inFigures 3 and 4 show that spermwhaleMbunfolds via an
IH state, which displays the spectrum of a hemichrome with a bis-
histidyl linkage. The observation of a hemichrome spectrum for
the H64F variant demonstrates that the distal histidine is not
needed to produce the low-spin IH complex. Thus, the hemi-
chrome spectrum is probably due a mixture of bis-imidazole or
methionyl-histidyl complexes involving any two of the histidines
located in the region of the heme pocket, His24(B5), His36(C1),
His48(CD6), His64(E7), His81(EF loop), His82(EF loop), His93-
(F8), and His97(FG loop), or one of these histidines and
Met55(D5). The proposed flexibility of the molten I and IH states
appears to allow different combinations, although the simplest
structural interpretation for most of the variants would be axial
ligation by the distal and proximal histidines (His64 and His93)
when they are both present.

Reversible hemichrome formation is a general phenomenon
and observed during either GuHCl- or urea-induced denatura-
tion of both sperm whale and horse heart Mb (not shown).
Hemichrome formation is fully reversible, and the IH state
reverts to the native metMb form with distal water coordinated
to the iron atom upon rapid dilution of GuHCl. Similarly, the IH

FIGURE 5: Kinetic traces for loss of hemin fromH97D aquomet Mb
as a function of GuHCl concentration. The four traces represent
normalized absorbance change time courses at 409 nm as a function
of GuHCl concentration, which is listed beside each curve. In these
experiments, 4 μMH97DaquometMbwasmixedwith 40μMH64Y/
V68F apoMb,which acts as a hemin scavenging agent (38), in 10mM
potassium phosphate at pH 7 and 20 �C. For the inset, the observed
hemin dissociation rate constants were obtained from fits to a single-
exponential process for each trace. A plot of the natural logarithm of
these rates vs GuHCl concentration is shown in the inset.
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hemichrome does not form a hemochrome when reacted with
dithionite. Instead, the IH state rapidly converts to a native
pentacoordinate deoxyMb form upon reduction (Figure 4D),
and previous laser-induced reduction experiments suggest
that this process occurs in milliseconds (55). Our equilibrium
results suggest that hemin can bind with reasonably high
affinity to the I state and promote formation of the native
holoprotein. This pathway for assembly is even more prob-
able under microaerobic conditions similar to those found in
E. coli growing in logarithmic phase and, presumably, in
respiring myocytes. Under these conditions, free heme still
rapidly autoxidizes, but reduction of the ferric IH state leads
to rapid formation of very stable deoxy- or oxy-holoMb
states.
Hemin Binding to the N, I, and U ApoMb States. It was

difficult to determine the N- and I-state hemin dissociation
equilibrium constants accurately without fixing the value of the
equilibrium constant for hemin dissociation from the unfolded
state. KUH

0 is poorly defined in our experiments at an initial
holoMb concentration of 10 μM because no significant amount
ofUHoccurs at highGuHCl concentrations (Figure 3). Separate
gel filtration chromatography experiments suggest complete
hemin dissociation upon unfolding of ∼10 μM metMb at g3
M GuHCl (not shown). Spectra of the Mb variants equilibrated
in 3 M GuHCl resemble that of free hemin in 3 M GuHCl. We
fixed KUH

0 at 1.0 � 10-6 M in our model on the basis of the
affinity constants measured for nonspecific hemin binding to
unfolded apocytochrome b562 (40) and native bovine serum
albumin (30, 57) and on the estimation that nonspecific hemin
binding to unfolded apoMb is ∼106-107-fold weaker than
binding to the folded N apo state (22). Fixing KUH

0 to 10-6 M
and KNI

0 and KIU
0 to the values determined in separate experi-

ments with the apoMb variants allowed determination of the
equilibrium dissociation constants for hemin binding to the N
and I apoglobin states.

The results in Tables 1 and 2 and the fits in Figure 3 show that
distal pocket mutations affect primarily the stability of the N
state and its affinity for hemin. The variations in KNI

0 and KNH
0

(∼1000-fold) are markedly greater than those for KIU
0 and KIH

0

(∼6-fold). These results strongly verify the interpretation of
Baldwin, Barrick, Wright, and co-workers (14, 17, 19, 56) that
the N-to-I and NH-to-IH transitions involve unfolding of the
heme pocket to generate a molten globule intermediate with
intact A, G, and H helices.

Another key result is the fact that the variation in KNH
0

values determined by analysis of holoMb unfolding curves
corresponds well with equilibrium hemin dissociation con-
stants, K-H, calculated from the ratio of association and
dissociation rate constants for hemin binding to the same set
of Mb mutants [Table 2, last two columns (22, 29, 30)]. As
shown in Figure 6, there is a strong, linear correlation
between the values of -log(KNH

0) obtained independently
from unfolding curves and the values of -log(K-H) deter-
mined from kinetic experiments at both neutral and low pH.
The neutral-pH values of K-H are poorly defined because the
rates of dissociation of hemin fromWTmetMb and the other
higher-affinity mutants are very small and difficult to mea-
sure. At pH 5, hemin dissociation is more readily measured
because of the increased level of protonation of the proximal
histidine (His93) which promotes breakage of the Fe-imida-
zole bond (29). Despite the differences in solvent conditions
and temperature, both the absolute values of KNH

0 and the

effects of mutagenesis correlate remarkably well with the
K-H values for WT, H64F, V68T, and H97D, determined
kinetically at both pH values (Table 2 and Figure 6). Thus,
GuHCl-induced unfolding curves of holo-heme proteins
represent an alternative assay to measure accurately the affi-
nities of apoproteins for hemin if the mechanism for unfold-
ing of the apoprotein is known.
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