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The effect of electrostatic substitutions in the heme pocket of myoglobin on the ligand binding and electrochemical
properties of three variants of horse heart myoglobin (S92D, V67R, and V68H) have been examined. Introduction
of a negative charge on the proximal side of the heme (S92D variant) has no effect on the ability of the protein
to bind an exogenous cyanide ligand (Kd ) 0.99(4)µM compared to the value for the wild-type protein of 2.31(4)
µM (pH 7.0, 20.0(1)°C, µ ) 0.10 M)). The formal potential of the cyano-met derivative of this variant,E°′ vs
SHE, is decreased by 27 mV relative to the potential of the wild-type protein (-412 and-385 mV, respectively
(pH 7.0, 20(1)°C, µ ) 0.10 M)). Introduction of a positive charge on the distal side of the heme resulted inKd

values for cyanide binding of 0.110(9)µM for the V67R variant and 140(20)µM for the V68H variant (pH 7.0,
20.0(1)°C, µ ) 0.10 M). The formal potentials for the cyano-met derivatives of the V67R and V68H variants
were-392 and-257 mV, respectively (pH 7.0, 20(1)°C, µ ) 0.10 M). These results are discussed in terms of
charge compensation and alterations in electrostatic potential as a consequence of the mutations.

Introduction

Although the roles of a number of critical residues at the
active site of myoglobin (Mb†) in determining the functional
properties of this protein have been evaluated by site-directed
mutagenesis,2 the influence of these residues on the oxidation-
reduction properties of the protein have received relatively little
attention. Recent demonstration of direct, unmediated electro-
chemistry of wild-type Mb3 has for the first time made detailed
electrochemical investigations of myoglobin variants feasible.4,5a,c

In the present work, electrostatic modifications have been
introduced close to the heme iron in horse heart Mb (see Figure

1) through replacement of S92 by aspartate (S92D), V67 by
arginine (V67R), and V68 by histidine (V68H), and the effects
of these alterations on the reduction potential and the affinity
of the protein for cyanide have been assessed.

Experimental Section

Mutagenesis and Protein Expression.Expression and purification
of the wild-type and variant forms of Mb used in this work have been
described elsewhere.5a-c,6,7 The resulting, purified proteins had absor-
bance ratios ofA408.5/A280 g 5.3 (S92D),A408.5/A280 g 5.2 (V67R) (both
pH 6.0, µ ) 0.10 M), andA412/A280 g 4.8 (V68H). Cyano-metMb
derivatives were obtained by the addition of appropriate amounts of
potassium cyanide to met-aquoMb.

Equilibrium Binding Measurements. Buffered solutions of potas-
sium cyanide (sodium phosphate buffer, pH 7.0,µ ) 0.10 M) were

† Abbreviations: Mb, myoglobin; metMb, oxidized (Fe(III)) met-aquo
myoglobin; deoxyMb, reduced (Fe(II)) Mb; cyano-metMb, oxidized cyanide-
bound myoglobin.
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Figure 1. Active site of horse heart myoglobin (coordinates from:
Evans, S. V.; Brayer, G. D.J. Mol. Biol. 1990, 213, 885).
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prepared daily and stored in well-sealed vessels to avoid loss of HCN.
Cyanide solutions were approximately 0.5, 5, 100, and 500 mM in KCN
(exact concentrations were determined by weight) and were allowed
to equilibrate for approximately 30 min8 before titration measurements
began. All binding experiments were carried out at 20.0(1)°C.
Cuvettes were filled with solution and tightly sealed with a stopper to
prevent escape of HCN. Protein solutions were prepared in sodium
phosphate buffer, pH 7.0,µ ) 0.10 M, and were allowed to equilibrate
for 30 min after each addition of cyanide before the spectrum was
recorded. The volume of cyanide added was small (0.5-2.0 µL) so
that sample dilution was minimal. Protein concentrations were
determined from molar absorptivities ofε408.5) 1.54× 105 M-1 cm-1

(S92D),ε408.5 ) 1.51× 105 M-1 cm-1 (V67R), andε412 ) 1.34× 105

M-1 cm-1 (V68H).5a-c Electronic absorption spectra were recorded
with a Cary 219 spectrophotometer interfaced to a microcomputer
(OLIS, Bogart, GA) and fitted with a circulating thermostated water
bath.

Equilibrium dissociation constants,Kd, for wild-type, S92D, and
V67R myoglobins were calculated by fitting the spectrophotometric
titration data to eq 1.9 Yh, the fractional saturation, is calculated from

the change in absorbance divided by the total change in absorbance
(eq 2). Ai andAf are the initial and final absorbance values, andAt is

the absorbance value at each point in the titration. This analysis
assumes that [CN-]tot ) [CN-] + [HCN].8-13 The free cyanide
concentration, [CN-]free, is defined by eq 3. The V68H variant exhibited

a significantly reduced affinity for cyanide, so in this case an alternative
expression was derived (eq 4). Fitting the titration data to this equation

eliminates the need to achieve complete saturation.9b An average of
two to four measurements ofKd derived from fitting data collected for
different protein samples to eq 1 or 4 was used to determine each of
the values reported below.

Electrochemistry. Protein samples were prepared for electrochem-
istry by exchanging into Tris/cacodylate buffer (Sigma), pH 7.0,µ )
0.10 M. The cacodylic acid was twice recrystallized from 2-propanol.
Myoglobin concentrations were determined spectrophotometrically (ε409

) 1.64× 105 M-1 cm-1 at pH 6.2) prior to addition of cyanide. Spectra
were collected using a Hewlett-Packard (HP8452A) diode array
spectrophotometer interfaced to a microcomputer.14 Electrochemical
experiments were carried out in a Lucite cell that had been modified
to accommodate small (<1 mL) sample volumes. The working
electrode was a tin-doped indium oxide film deposited on glass
(Donnelly Corp.) which was connected to the circuit by means of a
brass shim.15 An Ag/AgCl reference electrode, in 1 M KCl, and a
platinum auxiliary electrode completed the cell. The reference electrode

was calibrated against saturated quinhydrone16 using the same buffer
employed for the protein measurements. The working electrode was
prepared by sonication in detergent, in ethanol, and twice in water.17

A new working electrode was used for each set of determinations. Data
were collected with a computer interfaced to a 12-bit analog-to-digital
and digital-to-analog board (Data Translation DT2801A) programmed
with software from Data Translation, Marlboro, MA. Electrochemical
instrumentation included a potentiostat constructed in-house and a
triangle wave generator. All electrochemical data were background-
subtracted. Formal potentials,E°′ vs SHE, were averaged values
obtained from the two slowest scan rates (20 and 50 mV/s) on the
same sample.

Results

Equilibrium Binding Measurements. The effects of the
mutations on the ability of the variant proteins to bind cyanide
were assessed by equilibrium binding measurements. A family
of spectra (sodium phosphate buffer, pH 7.0, 20.0°C, µ ) 0.10
M) collected during titration of a sample of S92D metMb (13.56
µM) with various concentrations (0-505.3µM) of cyanide is
shown in Figure 2. The spectra are consistent with a 1:1 binding
stoichiometry and show well-defined isosbestic points, indicating
the presence of only two absorbing species (metMb and cyano-
metMb). The corresponding change in absorbance at 408.5 nm
is consistent with eq 1 (Figure 3), and the equilibrium dissocia-
tion constant,Kd, calculated from a fit of these data to eq 1
was 0.99(4)µM. The correspondingKd value for the V67R
variant was 0.110(9)µM. Titration of wild-type metMb with
cyanide yielded a value forKd of 2.31(4)µM, in close agreement
with values reported for sperm whale Mb (4.4µM18 and 5
µM3e,19,20). The V68H variant exhibited a significantly lowered
binding affinity, and an alternative expression for fitting of these
data was therefore derived, eq 4. A typical titration curve for
this variant is shown in Figure 4, from which aKd value of
140(20)µM was obtained.

Electrochemistry. Cyclic voltammetry of the cyano-metMb
variants was similar to that previously observed for the wild-
type protein. A typical series of voltammograms is shown in
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Figure 2. Electronic absorption spectra of S92D metMb in the presence
of (a) 0µM, (b) 2.086µM, (c) 4.327µM, (d) 6.306µM, (e) 8.105µM,
(f) 15.16µM, (g) 21.56µM, (h) 40.35µM, and (i) 505.3µM cyanide
([S92D Mb]initial ) 13.56µM, sodium phosphate buffer, pH 7.0, 20.0(1)
°C, µ ) 0.10 M).Yh ) [CN-]free/(Kd + [CN-]free) (1)

Yh ) (Ai - At)/(Ai - Af) ) [MbCN]/[Mb] tot (2)

[CN-]free ) [CN-]tot - [MbCN] (3)

Abs ) (KdAi + [CN-]totAf)/(Kd + [CN-]tot) (4)
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Figure 5 for the V67R variant with an excess of cyanide. The
formal potential,E°′ (vs SHE), for this variant determined from
these data was-392 mV (Table 1). The corresponding values

for the S92D and V68H variants were-412 and-257 mV,
respectively (Table 1). Knowing the potentials of the wild-
type and variant proteins in the presence and absence of cyanide
and the dissociation constants for cyanide binding to the oxidized
proteins, it is possible to calculate the dissociation constants
for cyanide binding to the reduced proteins (Table 1). These
values mimic the affinity of cyanide for the oxidized proteins
and are not considered further.

The heterogeneous electron-transfer rate constant,k°′, esti-
mated according to Nicholson21 for a quasi-reversible system,
was calculated for the cyano-met derivatives of the V67R and
V68H variants from the peak separations for the lowest two
scan rates. For both these cyano-metMb derivatives, no
significant effect on the electron-transfer rate constant was
observed, and a value ofk°′ ) 3.3 × 10-4 cm/s was obtained
for both variants. This value is close to that reported earlier
for the wild-type protein (k°′ ) 5.4× 10-4 cm/s, Table 13e). In
the case of the S92D variant, the peak separations for the cyclic
voltammograms were too large for this method to be applicable.
However, calculation ofk°′ using the method for a totally
irreversible system shows that the rate constant for this variant
falls in the quasi-reversible range but is too low to be determined
by the Nicholson method. Single potential step chronoabsorp-
tometry could have been used to determine the relevant rate
constant for this variant but was not attempted.

Discussion
Effect of Charged Amino Acid Residues on Cyanide

Binding Affinity. The dissociation constant determined for
cyanide binding to the wild-type protein (Kd ) 2.31(4) µM)
corresponds well with those previously reported for the sperm
whale protein (Kd ) 4.4µM andKd ) 5 µM).3e,18-20 The S92D
variant behaved in a similar manner (Kd ) 0.99(4)µM, Figure
2). Introduction of a negatively charged group close to the
proximal histidine ligand evidently has very little effect on the
binding of exogenous anions on the distal side. This observation
is consistent with the finding that the water molecule coordinated
to the iron in the metMb derivative of this variant exhibits a
pKa identical to that of the wild-type protein.5a The existence
of two equal and opposite effects could explain this behavior.
On one hand, cyanide binding is favored relative to hydroxide
formation by the decreased imidazolate character of the proximal
histidyl residue that results from elimination of the hydrogen
bond between residue 92 and the proximal ligand in the S92D
variant.5a On the other hand, cyanide binding is disfavored
relative to hydroxide formation by the introduction of a
potentially charged group in the proximal side of the heme
binding pocket.

(21) Nicholson, R. S.Anal. Chem.1965, 37, 1351.

Figure 3. Titration of the S92D metMb variant with cyanide monitored
at 408.5 nm and the fit of these data to eq 1. Conditions are the same
as those for Figure 2.

Figure 4. Titration of the V68H metMb variant with cyanide monitored
at the Soret absorption maximum and the fit of these data to eq 4
([V68H Mb]initial ) 4.870µM, sodium phosphate buffer, pH 7.0, 20.0(1)
°C, µ ) 0.10 M).

Figure 5. Background-subtracted cyclic voltammograms of the V67R
Mb variant in the presence of excess cyanide at (a) 200 mV/s, (b) 100
mV/s, (c) 50 mV/s, and (d) 20 mV/s ([V67R Mb]) 128 µM, [V67R
Mb]:[CN-] ) 1:300, Tris/cacodylate buffer, pH 7.0, 20(1)°C, µ )
0.20 M).

Table 1. Formal Potentials,E°′, and Heterogeneous Rate
Constants for Electron Transfer,k°′, Obtained from Cyclic
Voltammetry Experiments on Wild-Type, V67R, S92D, and V68H
Cyano-metMb (Tris/Cacodylate Buffer, pH 7.0, 20(1)°C, µ ) 0.20
M)a

protein E°′ vs SHE (mV) k°′ (105 cm/s) Kd (M)

WT -385b 60c 0.63
V67R -392 33 7.8× 10-3

S92D -412 0.56
V68H -257 33 2.5× 10

a The dissociation constants for cyanide binding to the reduced
proteins that can be calculated from the formal potential in the presence
and absence (from spectroelectrochemistry) of cyanide by spectroelec-
trochemistry and the dissociation constant for cyanide binding to the
oxidized proteins are provided in the column designatedKd. b Reference
3e. c Reference 5c.
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Introduction of a positive charge on the distal side of the
heme in the V67R variant increased the affinity for cyanide
20-fold (Kd ) 0.11(1)µM). This increase represents stabiliza-
tion of cyanide ligation to the variant of 1.8 kcal/mol.
Somewhat smaller stabilizing effects have been reported for
binding of azide to the V67R variant.9b As shown above for
the S92D variant, this increase in binding affinity correlates well
with the observed pH-dependent titration behavior of the V67R
protein.5b In this case, the V67R variant shows a lowered pKa

for titration of the distal water molecule that corresponds to a
1.1 kcal/mol stabilization of the hydroxide-bound form.5b This
increase in stability for anion-bound derivatives can be inter-
preted in terms of electrostatic compensation of the bound anion
by a positively charged group on the distal side. Indeed, it has
been shown forAplysia Mb22 and a double variant of sperm
whale Mb (H64V/T67R)23 that the distal arginine swings into
the pocket on binding of the anion to hydrogen-bond to the
bound ligand. Although a similar mechanism is implicated in
the V67R variant in the present study, we are currently unable
to define the orientation of this arginine group.5b

Formation of a hexacoordinate heme iron coordination
environment in both the oxidized and reduced states of V68H
Mb5c made interpretation of data for this variant more complex
and partially precludes independent assessment of the effect of
charge modification on the ligand-binding properties. The
V68H variant behaved much differently from the other variants
in that the binding of cyanide is disfavored by a factor of 100
(Kd ) 140(20)µM), as expected for a variant in which the distal
ligand is provided by a protein residue.

Effect of Charged Amino Acid Residues on Electrochemi-
cal Properties. Replacement of S92 with a negative aspartate
residue has a slight effect on the formal potential of the cyano-
met derivative (Table 1). This 27 mV decrease in the potential
is interesting when compared with the reduction potential
determined in the absence of cyanide by spectroelectrochemistry,5a

which shows an 8 mV increase relative to the potential of the
wild-type protein (72(2) mV for S92D compared to 64.0(1) mV
for wild-type, both vs SHE at 25.0°C, µ ) 0.10 M, pH 6.0)
and the absence of any effect on cyanide-binding affinity.
Introduction of a negatively charged group on the proximal side
of the heme might be expected to alter the electrostatic potential
and, hence, the reduction potential of the iron. In this context,
it has been postulated that solvent accessibility to the heme,
the pKa of H97, the orientation of the axial ligands and the heme,
and the hydrogen-bonding character of the proximal ligand may
all influence the potential of Mb.5a The close proximity of H97
to the heme has led to the suggestion that titration of this residue
affects the electronic properties of the heme as detected by1H
NMR spectroscopy,24 so the protonation state of this residue
may influence the oxidation-reduction equilibrium of the heme
iron. In the present work, the pKa of H97 is unaffected by
cyanide binding to the heme iron, so any pH linkage of this
residue to the reduction potential is the same for both forms of
the protein. For the S92D cyano-metMb derivative, the heme
orientation equilibrium and the pKa of H97 are the same as those

for the wild-type protein.5a,25 A slight reorientation of the
proximal ligand has been detected in the S92D variant,5a

although it is difficult to assess the possible effect of this change
on the reduction potential. Significantly, stabilization of a
neutral heme core appears to be favored in both cases. Hence,
in the absence of cyanide, the reduced form (with a neutral heme
core: iron,+2; porphyrin,-2) is stabilized relative to wild-
type Mb. In the presence of cyanide, a neutral heme core is
also stabilized, but this time as the oxidized derivative (counting
iron +3, porphyrin-2, and cyanide-1). Perhaps the introduc-
tion of the negatively charged Asp group therefore affects the
charge distribution around the heme, and a thermodynamic
driving force for maintenance of electroneutrality exists. Ab-
sence of any noticeable effect on the cyanide-binding capability
of this variant can, therefore, be explained by the distance of
the Asp group from the distal ligand-binding site (compared to
the distance from the heme itself) and the unaltered proximal
ligand bond strength.5a

Introduction of a positively charged group on the distal side
has a small effect on the formal potential of the cyano-met
derivative of the V67R variant and a substantial effect on the
affinity of the protein for cyanide. The reduction potential for
the V67R metMb, determined by spectroelectrochemistry5b is
106.0(9) mV vs SHE (25.0°C, µ ) 0.10 M, pH 6.0), an increase
of 42 mV over the potential of the wild-type protein. The
principle of charge compensation is again apparent: neutraliza-
tion of the positive charge in the cyano-met derivative gives a
potential which is closer to the wild-type value (∆E°′ ) -7
mV, Table 1) than in the absence of cyanide (∆E°′ ) 42 mV),
where the influence of the positive charge is clearly more
substantial. The importance of charge neutrality at the active
site was also recently emphasized for the binuclear iron-storage
protein bacterioferritin.26 In the present case, this interpretation
implies an intimate electrostatic interaction between the heme
iron and the R67 group. The exact position of R67 is under
investigation and will be reported separately.5b

The formal potential of the V68H cyano-met derivative is
-257 mV vs SHE. The potential observed in the absence of
cyanide by spectroelectrochemical analysis was-110.0(1) mV
(25.0 °C, µ ) 0.10 M, pH 7.0).5c Comparisons of the two
electrochemical measurements of this variant are complicated
by the more substantial changes in coordination environment.
However, displacement of the distal histidine ligand followed
by replacement with cyanide increases (∆E°′ ) 128 mV, Table
1) the formal potential. The presence of a partially charged
histidine residue close to the heme in the distal heme pocket
would account satisfactorily for the stabilization of the reduced
form of this cyano-met derivative (assuming a pKa of 6.0 for
this histidine27). Unfortunately, analysis of the influence of this
unbound histidine, through examination of the pH dependence
of the reduction potential, was not possible because of low
expression yields and an increased susceptibility of the protein
to denaturation at acidic pH.

From the results presented here, it is apparent that the changes
in ligand-binding affinity produced by electrostatic modification
of the active site of myoglobin can on the whole be explained
on electrostatic grounds. The related effects of such substitu-
tions on the electrochemical properties of the protein are more
difficult to explain with simple electrostatic arguments, par-
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ticularly when various ligand-bound derivatives of myoglobin
are considered as in the present study. In this case, the reduction
potential can, however, be understood as a consequence of the
driving force for maintenance of electroneutrality of the heme
core.
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