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The proximal and distal pockets of the H93G
myoglobin cavity mutant bind identical
ligands with different affinities: Quantitative
analysis of imidazole and pyridine binding
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Abstract. His93Gly sperm whale myoglobin (H93G Mb) has the proximal histidine ligand removed to create a cavity for
exogenous ligand binding, making it a versatile template for the preparation of model heme complexes. In this study, we have
measured the first and second ligand binding affinities of imidazole and pyridine to form mono- and bis-ligated ferric and
ferrous H93G Mb complexes. Electronic absorption spectroscopy has been utilized to determine the binding affinities for the
proximal (Kd1, first ligand) and distal (Kd2, second ligand) pockets of H93G Mb. Magnetic circular dichroism spectroscopy
has been used to confirm the identity of the complexes. The binding affinities for the first ligand are one hundred- to one
thousand-fold higher than those for the second ligand (Kd1 � Kd2) for the same exogenous ligand. This is entirely opposite
to what is seen with free heme in organic solvents where Kd1 � Kd2. Thus, the proximal pocket is the high affinity binding
site. The lower affinity for the distal pocket can be attributed to steric hindrance from the distal histidine. This report provides
quantitative evidence for differential ligand binding affinities of the proximal and distal pockets of H93G Mb, a unique property
that facilitates generation of heme iron derivatives not easily prepared with other heme model systems.
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1. Introduction

Biological functions of heme-containing proteins are largely dependent on the iron oxidation state,
heme iron coordination structure and surrounding protein environment [1]. The desire to explore the
structure and mechanism of diverse heme-containing proteins has led researchers to prepare synthetic
heme iron model systems in organic solvents to mimic the functional properties of native heme proteins,
such as the dioxygen storage protein myoglobin (Mb) [2,3]. Such synthetic efforts have achieved con-
siderable success over the past three decades [2–5]. However, it has suffered from certain limitations as
well. Among the major challenges are the difficulties to generate stable six-coordinate synthetic heme
iron systems with different axial ligands and complexes containing a single exogenous added ligand.
Solutions to these challenges in model heme complexes in organic solvents have usually required elabo-
rate synthetic efforts [2–5]. Water-soluble heme peptides derived from cytochrome c (microperoxidases)
have also been used for similar purposes [6].
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Imidazole (Im), in the form of a histidine (His), serves as a very important axial ligand in heme
proteins, most notably the dioxygen binding/storage protein Mb which contains a single His ligand in
its functional five-coordinate deoxyferrous state. In the non-functional ferric state, histidine and wa-
ter serve as proximal and distal axial ligands, respectively [7]. To investigate the importance of heme
iron coordination structure, inorganic chemists have sought to prepare synthetic heme iron-Im model
mimics of myoglobin [2–6]. However, iron(III) tetraphenylporphyrin (Fe(III)TPP) only forms low spin
six-coordinate Fe(III)TPP(Im)2 without any detectable amount of a mono-Im complex. Coyle et al. [8]
studied the equilibria of Im with Fe(III)TPP in organic solvents and estimated that the equilibrium as-
sociation constant (Ka value) of the second Im binding to Fe(III)TPP(Im) was more than 48 times of
that of single (first) Im binding. Therefore, the Fe(III)TPP(Im) intermediate was not observed in the
equilibrium reaction [8,9]. Similarly, predominantly six-coordinate iron(II) bis-Im porphyrin model has
been observed upon addition of Im to ferrous heme in organic solvents [10].

The idea and successful preparation of proximal ligand cavity mutants of heme protein systems has
provided researchers with relatively easy solutions in addressing these problems, especially within so-
phisticated diverse protein environments. This approach was pioneered by Barrick [11] with the site-
directed mutant, His93Gly sperm whale Mb (H93G Mb) where the His residue serving as the natural
heme iron proximal axial ligand has been replaced with a smaller non-coordinating glycine residue.
This mutation creates a cavity that can be filled with various exogenous ligands to mimic the heme
coordination structure of native proteins.

The Dawson research group has extensively studied H93G Mb and has shown it to be a versatile tem-
plate for the preparation of model heme complexes of defined structure [12–16]. For example, H93G
Mb (imidazole) and (alkylthiolate) adducts provided mimics of native Mb [13] and cytochrome P450
[14], respectively. In order to further understand the effects of the proximal and distal pockets on the
ligand binding properties of H93G Mb cavity mutant, we report herein detailed equilibrium studies of
the binding of two nitrogenous donor ligands, Im and pyridine (Py), to ferric and ferrous H93G Mb using
electronic absorption (EA) and magnetic circular dichroism (MCD) spectroscopy. MCD spectroscopy is
a particularly useful technique because it has frequently been shown to possess of greater fingerprinting
capacity than EA spectroscopy for studying the electronic structures and the heme iron coordination
modes of porphyrin-containing systems [17]. The work reported herein provides quantitative evidence
for differential affinities of the first and second ligand binding to the heme iron of H93G Mb cavity mu-
tant in both ferric and ferrous oxidation states. The data further demonstrate the advantage of the H93G
Mb cavity mutant for the preparation of heme model complexes, including mixed ligand ferric as well as
ferrous adducts, due to the difference in ligand accessibility of the proximal and distal sides of the heme.

2. Materials and methods

2.1. Chemicals and proteins

All chemicals used in this study were obtained from Aldrich or Sigma and were used without fur-
ther purification unless specified otherwise. Sperm whale H93G Mb was expressed and purified in the
presence of 10 mM Im as previously described [11]. The isolated protein contains Im as its proximal
ligand and exists in a mixture of ferric and oxyferrous states. Complete oxidation of the heme iron is
accomplished by addition of a few crystals of potassium ferricyanide (Fluka) followed by gel-filtration
column chromatography. Im can be completely removed from the proximal cavity by means of heme
extraction followed by reconstitution with hemin as previously reported [18].
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2.2. Ligand binding studies

H93G Mb concentrations were determined by the pyridine hemochromogen method [19]. A molar
absorptivity (ε) value of 112 mM−1 cm−1 for the Soret absorption peak (405–406 nm) for exogenous
ligand-free ferric H93G Mb at pH 7.0 [18] was routinely used as a reference standard value. All proximal
and distal pocket ligand binding studies were carried out at pH 7.0 in 0.1 M potassium phosphate buffer
at 4◦C. Im stock solutions were prepared by dissolving commercial solid Im (99.9%) in 0.1 M potassium
phosphate buffer and adjusting pH to 7.0 by adding HCl. Py stock solutions were prepared by diluting
commercial Py (99.9%) in 0.1 M potassium phosphate buffer (pH 7.0) without pH adjustment. Ligand
binding to H93G Mb was monitored by measuring changes of the electronic absorption (EA) spectrum in
the Soret and visible regions using a Cary 400 spectrophotometer at 4◦C. For H93G Mb, the equilibrium
reaction with Im appeared to be complete in the manual mixing time (<30 s). H93G Mb concentrations
used were ∼3.5 µM (1-cm cuvette) in studying first Im binding to proximal pocket and ∼35 µM (0.2-cm
cuvette) in second Im binding to distal pocket, respectively. To study ligand binding to H93G Mb, pH 7
ligand stock solutions at different concentrations ranging from 2 mM to 2 M for Im and from 10 mM to
2 M for Py were used to add into a single protein solution to monitor both the first and second phases
of Im or Py binding. The second phase binding was also examined in separate experiments at higher
protein concentration (∼35 µM). To study ligand binding to ferrous H93G Mb, cuvettes were filled with
anaerobic 0.1 M potassium phosphate buffer that had been degassed and sealed with a rubber septum.
Exogenous ligand-free ferric H93G Mb was added to the buffer by using a microliter syringe. The protein
solution was further degassed with a stream of nitrogen gas for 10 min, and then a few microliters
of concentrated sodium dithionite solution (25 mg/ml H2O) was added with a microliter syringe to
generate ligand-free deoxyferrous H93G Mb. Measurements of ligand binding to deoxyferrous Mb were
made directly on this sample by using pH 7 Im or Py stock solutions that had been made anaerobic by
degassing. For each titration, ligand was added in a small increment to a single protein solution and
absorbance changes were monitored to ensure that equilibrium was reached after each ligand addition.

2.3. Spectroscopic techniques

EA absorption spectra were recorded with a Cary 400 spectrophotometer interfaced to a Dell PC.
MCD spectra were measured with a magnetic field strength of 1.41 T by using a JASCO J815 spec-
tropolarimeter. This instrument was equipped with a JASCO MCD-1B electromagnet and interfaced
with a Silicon Solutions PC through a JASCO IF-815-2 interface unit. All spectral measurements were
performed using 0.2- or 1.0-cm cuvette at 4◦C. Data acquisition and manipulation has been described
previously [20]. EA spectra were recorded before and after the MCD measurements to verify sample
integrity. The spectra of H93G Mb Im complexes reported in this work are in good agreement with those
in previous published work [13].

2.4. Determination of dissociation constants for H93G Mb–ligand complexes

Imidazole association reactions with H93G Mb were modeled as a simple bimolecular association
reaction. The equilibrium of ligand binding to H93G Mb is shown as the following simple reversible
reaction (1):

H93G Mb + L
Kd

� H93G(L) Mb, (1)
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[H93G Mb], [H93G(L) Mb] and [L] represent the concentration of the ligand-free H93G Mb, ligand-
bound H93G Mb and free ligand, respectively. By definition,

Kd = [H93G Mb] [L]/[H93G(L) Mb]. (2)

Fractional ligand (L) saturation (Y ) of H93G Mb is defined as

Y = [H93G(L) Mb]/{[ H93G(L) Mb] + [H93G Mb]}. (3)

Solving Eq. (2) for [H93G(L) Mb] and then substituting it into Eq. (3), we obtain

Y = [L]/(Kd + [L]). (4)

2.4.1. Hyperbolic saturation plot equation
Let ΔA be the absorbance change caused by the addition of the ligand, and ΔAmax the absorbance

change for the complete formation of H93G(L) Mb at infinite ligand concentration. Multiplying Eq. (4)
by ΔAmax,

ΔA = ΔAmax[L]/(Kd + [L]). (5)

2.4.2. Hill plot equation
Rearranging Eq. (4),

Y/(1 − Y ) = [L]/Kd. (6)

By taking log of Eq. (6),

log{Y/(1 − Y )} = log[L] − log Kd. (7)

Dissociation constants for the binding of Im to H93G were then determined by saturation hyperbolic
curve fit and/or Hill plot analysis of ligand titration data.

3. Results and discussion

3.1. Electronic absorption (EA) spectra-monitored first and second ligand binding to the proximal
and distal pockets of ferric H93G Mb

Exogenous ligand-free ferric H93G Mb exhibits an EA spectrum with a Soret absorption peak at
405–406 nm and charge transfer band at ∼600 nm. Stepwise addition of Im to reconstituted, exogenous
ligand-free ferric H93G Mb produces significant changes in the Soret and visible regions of the EA
spectrum (Figs 1 and 2). There are two clear sets of isosbestic points depending on the different range
of Im concentration in the protein solution during the titration. This indicates that throughout the Im
binding reaction there are three optically distinct heme ligation states: exogenous ligand-free, mono-Im
and bis-Im ferric H93G Mb. The EA spectral data for the first ligand binding phase (mono-Im formation)
shows that micromolar addition of Im to ferric H93G Mb causes both an increase and a red-shift of the
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(a)

(b)

Fig. 1. (a) Soret region and (b) visible region EA spectral changes upon titration of exogenous ligand-free ferric H93G Mb
(3.8 µM in a 1-cm cuvette) with low concentration (<100 µM) of imidazole (Im) in 0.1 M potassium phosphate buffer, pH 7.0,
at 4◦C. Vertical arrows indicate the directions of absorbance change on addition of 0, 2, 4, 8, 16, 32, 64 µM Im. The non-vertical
short arrows show isosbestic points.

Soret absorption maximum (Fig. 1(a)). The resulting spectrum resembles that of the ferric wild-type Mb.
These data indicate that a six-coordinate high-spin H93G Mb derivative with Im as a proximal ligand
and water as a distal site ligand is generated. The ferric H93G (Im/water) Mb derivative at neutral pH
is a heme iron coordination model for native Mb that cannot be prepared with simple synthetic heme
iron model systems in organic solvents in the presence of Im. The crystal structure of Im-bound ferric
H93G Mb, with Im in the proximal pocket, has been reported by Barrick [11] and is very similar to that
of the ferric wild-type Mb.
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(a)

(b)

Fig. 2. (a) Soret region and (b) visible region EA spectral changes upon titration of exogenous ligand-free ferric H93G Mb
(36 µM in a 0.2-cm cuvette) (dotted line) with high concentration (�0.5 mM) of imidazole (Im) in 0.1 M potassium phosphate
buffer, pH 7.0, at 4◦C. Vertical arrows indicate the directions of absorbance change on addition of 0.5, 1, 2, 3, 4, 5, 7, 10,
20, 50, 100 mM Im. The non-vertical short arrows show isosbestic points. The dotted lines are the EA spectrum of exogenous
ligand-free ferric H93G Mb.

Upon millimolar addition of Im to ferric H93G(Im) Mb, the reaction enters the second phase process,
i.e. second Im ligand binding to the heme center. The Soret absorption band is further red-shifted to
415 nm accompanied by a decrease in intensity (Fig. 2(a)). This leads to the formation of six-coordinate
low-spin complex with EA and MCD spectral characteristics similar to those of the parallel wild-type
Mb–Im complex in which distal water is replaced by Im (vide infra).

The isosbestic points observed in the Im titration data of either the first ligand binding to the proximal
pocket or the second ligand binding to the distal pocket of H93G(Im) Mb support the use of a simple
bimolecular association scheme to describe each of the two phases binding reaction (Eq. (5)). The bi-
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molecular association scheme properly describes the binding reaction of Im to exogenous ligand-free
ferric H93G Mb and to H93G(Im) Mb. The titration data have been analyzed by using a hyperbolic
saturation plot (Fig. 3(a)) as well as Hill plot (Fig. 3(b)). The solid lines that have been drawn for the
non-linear fit nicely fit with the data. The Hill plots in Fig. 3(b) yield a straight line with a slope of near
unity (n1 = 0.86, n2 = 1.06), indicating that the ratio of ferric H93G Mb to Im and ferric H93G(Im) to
Im is 1:1 (mol/mol). The dissociation constants (Kd1 = 6 µM, Kd2 = 3.6 mM) were calculated by the
x axis intercept values (= log Kd). The Kd value (6 µM) is similar to that (10 µM) reported by Roach et
al. [21]. The 600-fold difference between the Kd values for the two phases demonstrates that the ligand
binding affinity of the heme proximal site for the first ligand is much higher than that of the distal site
for the second ligand.

Similar spectral changes are obtained upon the stepwise addition of Py (up to ∼50 mM) to exogenous
ligand-free ferric H93G to generate the ferric H93G(Py) Mb complex (Fig. 4) having a Soret absorption
peak at 408 nm. Hill plot analysis is shown as the inset of Fig. 4 with a slope of 0.87 and Kd = 0.23 mM.
Upon further addition of higher concentrations of Py (>0.5 M), a secondary spectral change (decrease
in the charge transfer bands at ∼500 and ∼600 nm and increase in absorbance between 520 and 580 nm)
is observed that is indicative of second Py binding to mono-Py H93G Mb complex. In contrast to the Im
binding case, the Soret absorption peak did not shift from 408 nm during the 2nd spectral change. How-
ever, further examination of the low-spin Py complex suggests that the heme is released from the protein
environment to generate free heme-bis-Py complex in aqueous buffer judging from the complete absence
of a CD signal for the complex. In fact, even the heme in wild-type Mb dissociates from the protein in
the presence of 2 M Py at pH 7.0, 4◦C to form a similar free heme-bis-Py complex (data not shown).

The dissociation constants determined in this work for the Im and Py complexes of ferric H93G Mb as
well as a constant for the wild-type Mb–Im complex are summarized in Table 1. These Kd values are re-
producible within ±10% (Kd > 1 mM) or ±20% (Kd � 10 µM). It is significant that the two sides of the
heme in ferric H93G Mb behave differently when incorporating exogenous ligands. The proximal pocket
has a much stronger binding affinity than the distal side judging by the absence of any evidence of mono-
ligand binding to the distal pocket of H93G Mb [11] as well as by the quantitative measurements in this
study. The ∼40-fold weaker affinity of the proximal site of the heme iron for Py (Kd1 = 0.23 mM) than
for Im (Kd1 = 6 µM) may be due to the poorer σ-donor nature of the Py nitrogen (pKa = 5.3) than that
of Im nitrogen donor atom (pKa = 7.0) [6]. Roach et al. [21] replaced the distal His with aspartate in the
H64D/H93G Mb double mutant and found that Im binds to the heme iron to form only a bis-Im complex
without intermediate formation of a mono-Im bound state. This result indicated that the distal pocket of
the H64D/H93G Mb double mutant no longer has a weaker affinity for the second Im ligand binding to
the heme iron. They attributed the result to a reduction of steric hindrance caused by the distal histidine
in wild-type Mb which had been replaced by a smaller-sized side chain of aspartate in the double mu-
tant. In fact, the crystal structure of ferric sperm whale Mb–Im complex reported by Lionetti et al. [22]
clearly demonstrated a repulsive steric interaction between the heme-coordinated Im and the distal His. It
is noted that the wild-type ferric Mb has ∼6-times lower affinity (Kd = 22 mM) than the H93G Mb mu-
tant (Kd = 3.6 mM) for the second Im binding, presumably due to reduced steric hindrance by the distal
His in the mutant. The structures of the Im-bound wild-type and mutant Mb may be somewhat different.

3.2. EA spectra-monitored first and second ligand binding to the proximal and distal pockets
of ferrous H93G Mb

Like the case of ferric H93G Mb, titration data of Im to the dithionite-reduced deoxyferrous H93G Mb
also produces changes in the EA spectrum with two sets of isosbestic points, suggesting that Im binding
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(a)

(b)

Fig. 3. (a) Hyperbolic saturation plots of the imidazole (Im) titration results shown in Fig. 1(a) (ligand-free) and Fig. 2(a)
(mono-Im-bound) for Im binding to exogenous ligand-free (closed triangle) and mono-Im-bound (closed square) ferric H93G
Mb. Maximum absorbance changes in difference spectra (not shown) (ΔAλ1 or ΔAλ1 − ΔAλ2, where λ1 and λ2 are wave-
lengths at which maximum positive (peak) and negative (trough) absorbance changes are observed, respectively) in the
Soret region are plotted as a function of total ligand concentration. Lines drawn are non-linear fits for a bimolecular as-
sociation model to the data using Eq. (5). (Closed triangle) First Im binding to H93G Mb and (closed square) second Im
binding to H93G(Im) Mb data are plotted with different scales, left/bottom and right/top, respectively (see dashed arrows).
(b) Hill plot of the titration data shown in (a). In the Y -axis label, Y is fractional saturation of H93G Mb with Im; thus,
Y/(1 − Y ) = [mono-Im-bound Mb]/[Im-free Mb] for (A) and [bis-Im-bound Mb]/[mono-Im-bound Mb] for (B). The Hill
plots yield Kd1 = 6 × 10−6 M (6.0 µM) (closed triangles) and Kd2 = 3.6 × 10−3 M (3.6 mM) (closed squares) with slopes
of 0.86 and 1.06, respectively.
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(a)

(b)

Fig. 4. (a) Soret region and (b) visible region EA spectral changes upon titration of exogenous ligand-free ferric H93G Mb
(7.7 µM in a 1-cm cuvette) with pyridine (Py) in 0.1 M potassium phosphate buffer, pH 7.0, at 4◦C. Vertical arrows indicate
the directions of absorbance change on addition of 0, 0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1.5, 3.0, 6.0 mM Py. The short non-vertical
arrows show isosbestic points. The Hill plot of the titration data is shown in the inset. In the Y -axis label, Y is the fractional
saturation of H93G Mb with Py; thus, Y/(1 − Y ) = [Py-bound Mb]/[Py-free Mb]. The Hill plots yields Kd = 2.3 × 10−4 M
(0.23 mM) with a slope of 0.87.

Table 1

Dissociation constant (Kd) of ferric H93G Mb–ligand complexesa

Ligand (L) pKa Mono(L) complex Bis(L2) complex

Kd1 Kd2

Imidazole 7.0 6 µM 3.6 mM
Pyridine 5.3 0.23 mM –b

Imidazole (WT Mb ) 7.0 –c 22 mM

aIn 0.1 M potassium phosphate, pH 7.0, at 4◦C. bProtein complex not formed (see text). cNot applicable.
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is also a two-phase process. We found that ferrous H93G Mb, especially at low concentrations (<5 µM),
was extremely sensitive to the presence of a small amount of O2 prior to dithionite reduction and to
introduction of O2 upon addition of microliter aliquots of ligands to protein solutions in the presence
of excess dithionite. Under such conditions, inconsistent absorption peak heights and spectral shapes
of deoxyferrous H93G Mb were often observed. In addition, spectral changes during ligand titrations
showed gradual deviation of isosbestic points and lack of saturation points. Fortunately, addition of
micromolar bovine liver catalase to H93G Mb solutions prior to dithionite reduction eliminated such
problems. This suggests that a small amount of hydrogen peroxide was generated when insufficiently
anaerobic protein and ligand solutions were mixed with dithionite.

At micromolar Im concentrations, the Soret absorption band of ligand-free ferrous H93G Mb loses
intensity and red-shifts from 428 nm to 430 nm (Fig. 5(a)), indicating the formation of mono-Im ferrous
H93G Mb in which Im coordinates to the heme iron in the proximal pocket as demonstrated previously
by Barrick [5,24]. In this study, we have further increased the concentration of Im in the protein solution
to ∼40 mM and found that the second Im binding took place on the distal site of the heme (Fig. 6). During
the second phase, there is an intensity increase and a blue-shift of the Soret EA maximum (Fig. 6(a)).
Even though Im saturation is not reached even at the maximum concentration employed (1330 mM,
pH 7.0) for the second Im binding, a saturation point (ΔAmax) has been determined by a hyperbolic
saturation plot (Fig. 7(a)). Based on Hill plots, dissociation constants of 2 µM for the first and 610 mM
for the second Im binding to deoxyH93G Mb at pH 7.0 and 4◦C are obtained (Fig. 7(b)). In the ferrous
state, the binding affinity of the first Im to the proximal pocket is about 3 × 105 times higher (i.e.
lower Kd) than that of the second Im to the distal site.

Pyridine titration of exogenous ligand-free deoxyferrous H93G Mb has also been carried out (Figs 5(b)
and 8). Similar to the Im titration results, there are two sets of isosbestic points, but the spectral changes
are not exactly the same as those observed for the corresponding Im titration. The Soret absorption peak
blue-shifts and the peak intensity decreases during the first ligand binding phase (Fig. 5(b)) and then
further blue-shifts and increases during the second phase (Fig. 8(a)). Dissociation constants calculated
by Hill plot (Fig. 9(b)) are Kd1 = 10 µM and Kd2 = 2.4 mM. There is a 240-fold difference between
the affinity of the first and of second Py binding to the proximal and distal pocket, respectively.

The titration results (Kd values) for the Im and Py binding to ferrous H93G Mb are summarized in
Table 2, which includes an estimated Kd value (∼8 M) of the wild-type ferrous Mb–Im complex. Under
the same conditions, a Kd value for the wild-type ferrous Mb–Py complex was ∼0.1 M (this study). As
is the case of ferric H93G Mb, the distal pocket of wild-type ferrous Mb has much lower affinity for
Im (by about thirteen-fold) than the mutant. Furthermore, in contrast to the results of ferric H93G Mb
(Table 1), Im and Py have relatively similar affinities (Kd1 = 2 and 10 µM, respectively) for the proximal
pocket of ferrous H93G Mb. However, the Py affinity (Kd2 = 2.4 mM) for the distal site of the heme
iron in ferrous H93G Mb is much (by ∼250 fold) higher than that for Im (Kd2 = 610 mM). The same
trend is observed for Im and Py binding to ferrous wild-type Mb. This is likely to be attributed to the
better π-acceptor property of Py than Im [6].

3.3. MCD and EA spectroscopic investigation of mono- and bis-ligated H93G Mb compounds

In earlier studies, our lab has examined ferric/ferrous H93G(Im) Mb and ferric H93G(bis-Im) Mb
with MCD spectroscopy [13]. Here, we investigate ferric mono-Py and ferrous mono-/bis-Py H93G
Mb and ferrous H93G(bis-Im) Mb complexes that have not been previously characterized with MCD
spectroscopy. Figure 10 compares the MCD and EA spectra of ferric H93G(Py) Mb and ferric H93G(Im)
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(a)

(b)

Fig. 5. (a) Soret region EA spectral changes upon titration of exogenous ligand-free ferrous H93G Mb (3.4 µM in a 1-cm
cuvette) with low concentration (<150 µM) of imidazole (Im) in 0.1 M potassium phosphate buffer, pH 7.0, at 4◦C. The
titration was performed in the presence of 0.5 µM (based on heme) catalase (see text). Vertical arrows indicate the directions
of absorbance change on addition of 0, 1, 2, 4, 8, 16, 32, 63, 127 µM Im. The short non-vertical arrows show isosbestic points.
(b) Soret region electronic absorption (EA) spectral changes upon titration of exogenous ligand-free ferrous H93G Mb (3.5 µM
in a 1-cm cuvette) with low concentration (<100 µM) of pyridine (Py) in 0.1 M potassium phosphate buffer, pH 7.0, at 4◦C.
Vertical arrows indicate the directions of absorbance change on addition of 0, 2.5, 5, 10, 20, 40, 80 µM Py. The short non-vertical
arrows show isosbestic points.

Mb. The band patterns of MCD and EA spectra of ferric H93G(Py) Mb are quite similar to those of the
ferric H93G(Im) Mb, indicating that the electronic structures and thus the heme iron-ligand coordination
modes of the two protein derivatives are comparable.

Figure 11 compares the MCD and EA spectra of ferric H93G Mb in the presence of 4 M Im and 2 M
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(a)

(b)

Fig. 6. (a) Soret region and (b) visible region EA spectral changes upon titration of exogenous ligand-free ferrous H93G Mb
(38 µM in a 0.2-cm cuvette) with high concentration (>30 mM) of imidazole (Im) in 0.1 M potassium phosphate buffer, pH 7.0,
at 4◦C. Vertical arrows indicate the directions of absorbance change on addition of 36, 72, 140, 270, 500, 710, 890, 1050, 1200,
1330 mM Im. The non-vertical short arrows show isosbestic points.

Py and wild-type Mb in the presence of 1 M Im, all recorded at pH 7.0 at 4◦C. Even though the Py
complex appears to be protein-free (vide supra), its spectra are included in Fig. 11 for comparison. The
ferric bis-Im H93G Mb as well as bis-Py heme complexes are clearly six-coordinate low-spin complexes
and, as such, are very similar to those of the wild-type Mb coordinated by Im in the distal side as well
as ferric cytochrome b5 (spectra not shown), a native bis-His ligated heme protein, except for some
(5–10 nm) blue-shifts for the bis-Py complex.

Reduction of ferric H93G(Im) Mb (2 mM Im) with sodium dithionite results in formation of a five-
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(a)

(b)

Fig. 7. (a) Hyperbolic saturation plots of the imidazole (Im) titration results shown in Fig. 5(a) (ligand-free) and Fig. 6(a)
(mono-Im-bound) for Im binding to exogenous ligand-free (closed triangle) and mono-Im-bound (closed square) ferrous H93G
Mb. Initial 3 data points in the titration (Fig. 5(a)) that gave less than 10% saturation were excluded from the hyperbolic
plot and Hill plot, because the spectra changes were too small to gave accurate data plot. Maximum absorbance changes in
difference spectra in the Soret region are plotted as a function of total ligand concentration. Lines drawn are non-linear fits
for a bimolecular association model to the data using Eq. (5). First Im binding to H93G Mb (closed triangle) and second Im
binding to H93G(Im) Mb (closed square) data are plotted with different scales, left/bottom and right/top, respectively (see
dashed arrows). (b) Hill plot of the titration data shown in (a). In the Y -axis label, Y is fractional saturation of H93G Mb with
Im; thus, Y/(1 − Y ) = [mono-Im-bound Mb]/[Im-free Mb] for (A) and [bis-Im-bound Mb]/[mono-Im-bound Mb] for (B).
The Hill plots yield Kd1 = 2 × 10−6 M (2 µM) (closed triangles) and Kd2 = 6.1 × 10−1 M (0.61 M) (closed squares) with
slopes of 0.68 and 0.83, respectively.
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(a)

(b)

Fig. 8. (a) Soret region and (b) visible region EA spectral changes upon titration of exogenous ligand-free ferrous H93G Mb
(3.5 µM in a 1-cm cuvette) with high concentration (>0.15 mM) of pyridine (Py) in 0.1 M potassium phosphate buffer, pH 7.0,
at 4◦C. Vertical arrows indicate the directions of absorbance change on addition of 0.16, 0.32, 0.63, 1.2, 2.4, 4.8, 8.5, 18.1 mM
Py. The non-vertical arrows show isosbestic points.

coordinate high-spin complex with EA and MCD spectral characteristics very similar to those of deoxy-
ferrous wild-type Mb (Fig. 12). Furthermore, bis-Py and bis-Im ferrous H93G Mb complexes can be
generated in the presence of higher concentrations of Py (∼33 mM, pH 7) and Im (4 M, pH 7), respec-
tively. In molar concentration of Py, however, ferrous H93G Mb formed a protein-free (no CD signal)
low spin complex whose MCD and EA spectra (not shown) are similar in overall feature, but distinct in
detail from those of the ferrous bis-Py H93G Mb. The MCD spectral pattern of ferrous H93G (bis-Im)
Mb is not exactly identical to that of ferrous H93G (bis-Py) Mb whose MCD spectral pattern is similar
to that of ferrous cytochrome b5 [25], especially in the Soret region (Fig. 13). We estimate the saturation
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(a)

(b)

Fig. 9. (a) Hyperbolic saturation plots of the pyridine (Py) titration results shown in Fig. 5(b) (ligand-free) and Fig. 8(a)
(mono-Py-bound) for Py binding to exogenous ligand-free (closed triangle) and mono-Py-bound (closed square) ferrous H93G
Mb. Maximum absorbance changes in difference spectra (not shown) in the Soret region are plotted as a function of total
ligand concentration. Lines drawn are non-linear fits for a bimolecular association model to the data using Eq. (5). First Py
binding to H93G Mb (closed triangle) and second Py binding to H93G(Py) Mb (closed square) data are plotted with different
scales, left/bottom and right/top, respectively (see dashed arrows). (b) Hill plots of the titration data shown in (a). In the Y -axis
label, Y is fractional saturation of H93G Mb with Py; thus, Y/(1 − Y ) = [mono-Py-bound Mb]/[Py-free Mb] for (A) and
[bis-Py-bound Mb]/[mono-Py-bound Mb] for (B). The Hill plots yield Kd1 = 1 × 10−5 M (10 µM) (closed triangles) and
Kd2 = 2.4 × 10−3 M (2.4 mM) (closed squares) with slopes of 1.02 and 1.04, respectively.
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Table 2

Dissociation constant (Kd) of ferrous H93G Mb–ligand complexesa

Ligand (L) pKa Mono(L) complex Bis(L2) complex

Kd1 Kd2

Imidazole 7.0 2 µM 610 mM
Pyridine 5.3 10 µM 2.4 mM
Imidazole (WT Mb) 7.0 –b ∼8 Mc

aIn 0.1 M potassium phosphate, pH 7.0, at 4◦C. bNot applicable. cEstimated based on ∼33% saturation
with 4 M Im (this study).

Fig. 10. (A) MCD and (B) EA spectra of ferric H93G(Py) Mb (solid line, 33 mM Py), ferric H93G (Im) Mb (dashed line, 1 mM
Im) and ferric wild-type Mb (dotted line) in 0.1 M potassium phosphate buffer, pH 7.0, at 4◦C. The spectra for ferric H93G(Im)
Mb are replotted from [23].

(Y ) of bis-Im H93G Mb complex with Im is ∼87% based on the Kd value (610 mM) and Im concentra-
tion (4 M) used to generate the complex (Y = 4/4.61 = 0.87). Perhaps the incomplete Im saturation in
ferrous H93G (bis–Im) Mb may be a cause of its MCD spectral deviation from the spectrum of ferrous
cytochrome b5.

4. Conclusions

In summary, this study reports a thorough comparison of the dissociation constants for Im and Py
binding to the proximal and distal sites of the heme iron, respectively, to form mono- and bis-ligated
complexes in both the ferric and ferrous H93G Mb cavity mutant. The ligand binding affinities for
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Fig. 11. (A) MCD and (B) EA spectra of ferric H93G (bis-Im) Mb (solid line, 4 M Im) and ferric wild-type Mb(Im) (dotted
line, 1 M Im) in 0.1 M potassium phosphate buffer, pH 7.0, at 4◦C. Spectra of protein-free ferric bis-Py heme complex (dashed
line) that was generated by adding 2 M Py to exogenous ligand-free H93G are also plotted for comparison (see text).

Fig. 12. (A) MCD and (B) EA absorption spectra of ferrous H93G(Py) Mb (solid line, 100 µM Py) and H93G (Im) Mb (dashed
line, 2 mM Im) in 0.1 M potassium phosphate buffer, pH 7.0, at 4◦C.
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Fig. 13. (A) MCD and (B) EA absorption spectra of ferrous H93G (bis-Py) Mb (solid line, 33 mM Py), ferrous H93G(bis-Im)
Mb (dashed line, 4 M Im) and ferrous cytochrome b5 (dotted line) in 0.1 M potassium phosphate buffer, pH 7.0, at 4◦C. The
spectra for ferric cytochrome b5 are replotted from [25].

these two sides are one hundred- to one thousand-fold different. It is apparent that the proximal pocket
of H93G Mb is the much preferred binding site for exogenous ligands. At higher concentrations of
ligand (>1 mM), it is possible to overcome the steric hindrance of the distal site (likely due to the distal
His64) and form bis-ligand complexes. To our knowledge, this is the first time that Py-bound equilibrium
constants and spectroscopic properties of H93G Mb have been examined in ferric (except for tabulated
EA peak positions [26]) as well as ferrous states. The spectra observed for the Py-bound H93G Mb
are similar to that of the parallel Im-bound H93G Mb and wild-type Mb or cytochrome b5. This study
provides quantitative evidence for the differential ligand binding affinities of the proximal and distal
pockets of the H93G Mb cavity mutant, a unique property that facilitates the generation of several heme
iron derivatives not easily prepared with other heme model systems. The present work also lays the
foundation for future studies of H93G Mb with less common ligands such as amines, thioether or other
neutral and anionic non-nitrogen donor ligands.
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