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ABSTRACT: In the sperm whale myoglobin mutant H93G, the proximal histidine is replaced by glycine,
leaving a cavity in which exogenous imidazole can bind and ligate the heme iron (Barrick, D. (1994)
Biochemistry 33, 6545-6554). Structural studies of this mutant suggest that serine 92 may play an important
role in imidazole binding by serving as a hydrogen bond acceptor. Serine 92 is highly conserved in
myoglobins, forming a well-characterized weak hydrogen bond with the proximal histidine in the native
protein. We have probed the importance of this hydrogen bond through studies of the double mutants
S92A/H93G and S92T/H93G incorporating exogenous imidazole and methylimidazoles.1H NMR spectra
reveal that loss of the hydrogen bond in S92A/H93G does not affect the conformation of the bound
imidazole. However, the binding constants for imidazoles to the ferrous nitrosyl complex of S92A/H93G
are much weaker than in H93G. These results are discussed in terms of hydrogen bonding and steric
packing within the proximal cavity. The results also highlight the importance of the trans diatomic ligand
in altering the binding and sensitivity to perturbation of the ligand in the proximal cavity.

Exogenous molecules which serve a specific structural or
functional role can be inserted into engineered protein
cavities as an extension of site-directed mutagenesis for
dissecting protein structure-function relationships in heme
proteins (1-4). When a residue which ligates the heme iron
(such as histidine) is mutated to a smaller, nonligating amino
acid (typically alanine or glycine), exogenous molecules
which may mimic natural amino acids side chains or bear
nonnatural functionality can be introduced into the resulting
cavity and incorporated into the protein structure. For
example, in sperm whale myoglobin (Mb1), the proximal
histidine (His 93) is the sole covalent linkage between the
polypeptide chain and the heme iron. In the mutant H93G,
this residue has been replaced by glycine, creating a cavity
in the proximal heme pocket. When H93G Mb is expressed
in Escherichia coliin the presence of imidazole, the protein
is isolated with an imidazole molecule occupying that cavity
and serving as an axial ligand to the heme iron (1). This
imidazole can be replaced with a variety of exogenous
ligands via a simple dialysis technique, producing protein
complexes that are distinguishable by many physical ob-
servables (2, 5-7). These proteins are denoted H93G(L),

where L represents the bound proximal ligand, and they are
hybrids of model compounds and site-directed mutants. As
in model compounds, the heme ligand can be systematically
varied beyond the limited range of the naturally occurring
amino acids, but because the protein architecture is preserved,
interactions between the polypeptide and the heme ligand
can also be studied.

The most striking difference between the structures of
metaquoH93G(Im) and wild-type myoglobin (WTMb) is in
the conformation of the proximal imidazole ring. The
exogenous proximal imidazole of H93G(Im) is rotated about
the Fe-Ni bond by about 40° relative to the imidazole of
His 93 of WTMb; instead of eclipsing the pyrrole nitrogens
of the heme as in WTMb, the imidazole ring is nearly aligned
with the hememesocarbons (1; Figure 1). This rotation is
confirmed in solution by the pattern of heme methyl
hyperfine shifts in the1H NMR spectrum of H93G(Im)CN
and by the positions of the heme methine protons in the
diamagnetic CO complex (5). The cause of this rotation is
unknown, but it suggests that the orientation of the histidine
side chain in the wild type is constrained by the covalent
link to the polypeptide backbone, perhaps preventing the
proximal heme pocket from adopting its most stable con-
formation. For example, when the imidazole ring eclipses
the mesocarbons instead of the pyrrole nitrogens, there is
less steric repulsion between the imidazole and the heme;
thus, this rotation of the imidazole ring in H93G(Im) is likely
correlated with a shorter Fe-Ni bond length (1).

The rotation of the Im ring may also optimize its
interactions with amino acids of the proximal heme pocket.
In the H93G(Im) complex, the distance between the Im Nε

and the Oγ of Ser 92 is 2.7 Å (1) suggesting that a hydrogen
bond between the Im and Ser 92 might be important in
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stabilizing the binding and conformation of the Im ligand
(Figure 1). Strong hydrogen bonding between the proximal
ligand and surrounding amino acids can have a significant
effect on the electronic structure and function of the heme.
For example, a strong hydrogen bond between the proximal
histidine (His 174) and the carboxylate of a nearby aspartate
residue (Asp 235) in cytochromec peroxidase is the primary
cause of this enzyme’s unusually low redox potential (8).
The structural and functional consequences of a hydrogen
bond between residue 92 and proximal His 93 have been
studied extensively in Mb. In a neutron diffraction study of
MbCO, Cheng and Schoenburn reported that the distance
between the His 93 Nε and Ser 92 Oγ is 3.2 Å, and the
distance between the NεH and Oγ is 2.5 Å; on the basis of
these data, they proposed that a weak hydrogen bond exists
between His 93 NεH and Ser 92 Oγ (9). To test the
importance of this hydrogen bond to the both the conforma-
tion of His 93 and protein function, Ser 92 has been changed
to alanine and valine in porcine Mb (10), alanine and
aspartate in human and horse heart Mbs (11, 12), and alanine
and proline in sperm whale Mb (13, 14). In all of the S92A
Mbs, only modest changes in the orientation of the proximal
His and the binding of diatomic ligands on the distal side
were observed.

The H93G system presents the opportunity to further probe
the importance of interactions between Ser 92 and the
proximal imidazole. Because the Im Nε and Ser 92 Oγ are
closer in H93G than in WTMb, this residue may have a more
significant impact on the imidazole conformation and/or the
electronic structure of the heme. We have tested the
significance of this interaction in H93G using two different
strategies. First Im, which is a hydrogen bond donor when
ligated to the heme iron, can be replaced withN-methylimi-
dazole (N-MeIm), which cannot donate a hydrogen bond.

In previous reports, we have shown thatN-MeIm binds to
H93G-CN and H93G-NO more weakly than Im and
4-MeIm (5, 7). BecauseN-MeIm and 4-methylimidazole (4-
MeIm) are isosteric and have similar pKa values, these
differences in binding constants may be due to the differences
in hydrogen bonding properties of these two ligands.
Furthermore, bothνCO and the CO on- and off-rates in H93G-
(4MeIm)CO suggest a more electron-rich iron than in H93G-
(NMeIm)CO, the expected effect of the loss of a hydrogen
bond at the proximal ligand (6).

In this paper, we have adopted a second strategy: the
hydrogen bond between the proximal ligand is altered by
replacement of Ser 92 with alanine and threonine. By
introducing the S92A mutation into the H93G protein, we
remove the hydrogen bond with the Im; by replacing the
serine with a threonine (S92T), we change the position of
the hydroxyl group and, therefore, can modulate either the
strength of the hydrogen bond or the conformation of the
imidazole ring.

1H NMR spectroscopy of the metcyano complexes pro-
vides a great deal of information about the structure and
dynamics of these mutants. MbCN is a paramagnetic (S )
1/2) species; the hyperfine shifts of protons of the heme and
amino acids of the heme pocket are very sensitive to changes
in conformation of the proximal ligand (15-17). Each new
exogenous ligand in H93G gives a unique fingerprint
hyperfine shifted region of the MbCN1H NMR spectrum
(2). The assignments for some protons of the heme and heme
pocket amino acids in H93G(Im)CN, H93G(N-MeIm)CN,
H93G(4-MeIm)CN, and H93G(2-MeIm)CN have been pre-
sented (5). In this paper, we report the assignments for these
protons, as well as ligand and proton exchange dynamics,
in the S92A/H93G(Im)CN and S92T/H93G(Im)CN com-
plexes. In a previous study (4) binding constants for
exogenous imidazoles to the nitrosyl complex of H93G were
reported; in this paper we have extended those studies to
the S92A/H93G and S92T/H93G proteins. Taken together,
these data describe the role of Ser 92 in determining the
conformation of the bound Im, the dynamics and accessibility
of the proximal cavity, and the binding affinities of different
imidazoles. Furthermore, these data demonstrate the utility
of the functional cavity approach for dissecting the impor-
tance of polypeptide-heme ligand interactions.

MATERIALS AND METHODS

Plasmids encoding for the double mutants S92T/H93G and
S92A/H93G were prepared using cassette mutagenesis. The
double mutants and H93G(Im) were purified fromE. coli
as described elsewhere (1, 2).

1H NMR Experiments. 1H NMR samples were prepared
as described earlier (5). Protein concentrations were typically
between 1 and 3 mM in 100% D2O, 0.1 M phosphate, pH
) 7.0 buffer, or 90% H2O/10%D2O, 0.1 M phosphate, pH
) 9.4 buffer (the pH meter readings are uncorrected for the
isotope effect). All1H NMR spectra were recorded on a GE
Omega 500 MHz spectrometer. Spectra were routinely
measured at 30°C with saturation of the residual water sig-
nal with the decoupler channel during the predelay period.
Absolute value COSY (MCOSY) and phase-sensitive
NOESY spectra were acquired as described earlier (3). Proton
exchange rates were measured using the saturation transfer

FIGURE 1: (A) Schematic diagram of the proximal cavity in H93G-
(Im) depicting the hydrogen bond between Ser 92 and the proximal
Im, based on the X-ray crystal structure of metaquoH93G(Im) (1).
(B) Schematic of the heme, with the numbering system used in the
NMR assignments.
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method, as described by Lecomte and La Mar (18). Protein
samples were prepared in 90% H2O/10% D2O buffer. Spectra
were collected at several pH values over the range 9.4-7.0.
The pH was adjusted by adding 0.1 M HCl to the sample
and measuring the pH using a meter equipped with an Ingold
microelectrode. To suppress the intensity of the water signal,
the 1-1 pulse sequence was used (19). The decoupler was
applied to the water peak causing saturation or to an off-
resonance frequency during nonacquisition times. The in-
tensity of the Im NH proton was measured in the on-
resonance (I) and off-resonance (Io) spectra, giving a satu-
ration factorF ) I/Io. The rates of exchange (τ-1) were
determined from the saturation factors using the expression

whereF is the intrinsic relaxation rate of the proton. The
intrinsic lifetime was determined by measuringT1 at pH 7,
where the exchange rateτ-1 is much slower than theT1 relax-
ation rate (18). T1 was measured using a 180°-t-90° inver-
sion-recovery sequence, with saturation of the water peak
at all times except during acquisition.T1 was calculated from
the slope of plots of log[I∞ - I(t))/2I∞] versust (15, 20).

Ligand exchange rates were determined by measuring the
spectral changes which occur after addition of an excess of
deuterated exogenous ligand to the sample. As the protonated
ligand bound to the protein exchanges for the deuterated
ligand, the disappearance of resonances from protons of
protein-bound ligand can be analyzed to give the ligand
exchange rate (5). Deuterated Im was purchased from
Cambridge Isotope Laboratories; deuteratedN-methylimi-
dazole (4,5-d2) was a gift of John Williams and Dr. Anne
McDermott.

Binding of Imidazoles to NO Complexes. A 1 cm quartz
cuvette was filled with 2 mL of buffer (0.1 M phosphate pH
7), sealed with a rubber septum, and purged with N2 for about
10 min. A small amount (∼10 µL) of protein from a stock
solution was added to the cuvette, along with a minimal

amount of sodium dithionite from a freshly prepared 1 M
solution. The cuvette was then briefly placed under a stream
of NO gas to produce the NO complex. The UV/vis spectrum
of the sample was measured on a Pharmacia Ultrospec 4000
spectrophotometer. Titration of the protein-NO complex
with various imidazoles was monitored by changes in the
UV/vis spectra as described previously (6).

RESULTS

Assignments of S92T/H93G(Im)CN and S92A/H93G(Im)-
CN. The 1H NMR spectra of H93G(Im)CN, S92A/H93G-
(Im)CN (in 95% H2O, pH 9.4), and S92T/H93G(Im)CN are
aligned in Figure 2 (see Table 1). Overall, the spectra of
H93G(Im)CN and S92A/H93G (Im)CN are nearly identical,
and the assignments for H93G(Im)CN can be extended to
S92A/H93G(Im)CN. The S92T/H93G(Im)CN spectrum is
slightly different from that of H93G(Im)CN, with shifts
observed in the heme 8-Me and 5-Me resonances. The
assignments for S92T/H93G(Im)CN were confirmed by
following the method used for H93G(Im)CN (5).

Imidazole NH Proton Exchange Rates. The spectra in
Figure 2 were obtained with presaturation of the water
resonance. While the Im NH proton is well resolved in the
H93G(Im)CN and S92T/H93G(Im)CN spectra, in S92A/
H93G(Im)CN this peak is lost in the baseline and is only
visible in the absence of water presaturation (see Figure 2
inset) or at a pH close to 7. This pH-dependent saturation
transfer from the water to the proximal Im NH occurs
because of base-catalyzed proton exchange (18, 21).

While the resonance in S92A/H93G(Im)CN is completely
saturated at pH 9.4, only partial saturation occurs for H93G-
(Im)CN and S92T/H93G(Im)CN, and in these proteins the
exchange rates can be measured by saturation transfer. The
saturation factorsF, whereF ) I/I0, for H93G and S92T/
H93G are plotted versus pH in Figure 3A. All three mutants
haveF ) 1.0 at pH 7.0, indicating that the rate of exchange
is much slower than the intrinsic spin relaxation rate at this

FIGURE 2: Downfield (A) and upfield (B) hyperfine-shifted regions of the 500 MHz1H NMR spectra of H93G(Im)CN, S92A/H93G(Im)-
CN, and S92T/H93G(Im)CN with water presaturation. The inset in the spectrum for S92A/H93G(Im)CN is the Im NH proton seen in the
absence of water presaturation. Assignments are listed in Table 1.

τ-1 ) F(1 - F)/F (1)
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pH. Saturation factors for S92T/H93G are larger than those
of H93G and S92A/H93G throughout the entire pH range.
The intrinsic spin relaxation timeF-1 for the Im NH proton
was measured as 22 ms in all three mutants. Using the values
for F andF in eq 1, the exchange ratesτ-1 were calculated
and are plotted in Figure 3B. The exchange rates for S92T/
H93G and H93G lie on nearly parallel lines, with S92T/
H93G having a slower proton exchange rate across the entire
pH range.

Exogenous Imidazole Exchange Rates in S92A/H93G and
S92T/H93G. When an excess of deuterated Im (Im-d3) is
added to an S92A/H93G(Im)CN sample, the resonance for
the Im C4H proton at 12.1 ppm disappears over time (Figure

4A). The rate of exchange of Im for Im-d3 is 0.09 min-1

(Figure 4C), the same as in H93G (5). In S92T/H93G, the
Im C4H proton is less well resolved, appearing as a shoulder
to the resonance of the heme 2-a proton; however, the
disappearance of this shoulder upon addition of Im-d3 is still
clearly discernible (Figure 4B). The ligand exchange rate
for S92T/H93G(Im)CN isk ) 0.04 min-1 (Figure 4C),
significantly slower than that of H93G and S92A/H93G
(Table 2).

Binding of Methylimidazoles to Metcyano Complexes. The
spectra of theN-MeIm complexes of H93G, H93G/S92A,
and H93G/S92T are aligned in Figure 5. The spectra for all
three mutants are nearly identical, and the assignments for
H93G(N-MeIm)CN can be extended to the double mutants
as well (Table 3). The similarity in the spectra suggests that
the conformation of theN-MeIm is the same in all three
mutants. By addition of deuteratedN-MeIm (4,5-d2 N-MeIm)
to a sample of H93G(N-MeIm)CN, the rate of exchange of
N-MeIm can be measured. The NMR spectra of H93G(N-
MeIm)CN upon addition of 4,5-d2 N-MeIm are shown in

Table 1: Proton Chemical Shift Assignments for Im Complexes of
H93G, S92A/H93G, and H93G/S92T in the Met Cyano Form

proton H93G(Im)CNa
S92A/

H93G(Im)CN
S92T/

H93G(Im)CN

heme 8-Me 25.6 25.6 25.3
5-Me 5-Me 23.6 23.6 24.7

1-Me 16.7 16.7 17.0
2-R 11.4 11.4 11.9
2-â -0.34 -0.34 -0.45

0.48 0.48 0.41
4-R 10.2 10.2 9.88
4-â -3.88 -3.88 -3.78

-2.54 -2.54 -2.45
Im C4H 12.1 12.1 12.0

N1H 18.7 18.7
Ile 99 CâH 0.28 0.28 0.10

CγH -5.33 -5.33 -5.91
-3.67 -3.67 -3.61

CγH3 -3.48 -3.48 -2.71
CδH3 -6.68 -6.68 -6.75

Gly 93 CRHs 6.77 6.77
NbH 12.2 12.2 12.2

Phe 43 CδHs 8.57 8.57 8.7
CεHs 12.4 12.4 12.6
CúH 16.9 16.9 17.1

His 64 NεH 24.8 24.8 24.8
a Taken from ref5.

FIGURE 3: (A) Saturation factors (I/Io) for the Im N-H proton in
the Mb cavity mutants. (B) Proton exchange rates for Im N-H
proton in Mb cavity mutants, calculated using eq 1, whereF-1 )
22 ms. The lines are shown to guide the eye.

FIGURE 4: 500 MHz1H NMR spectra of (A) S92A/H93G(Im)CN
and (B) S92T/H93G(Im)CN taken after addition of Im-d3 to the
NMR sample. Spectra were measured at 1 min intervals and are
shown normalized to the Phe43 CεH peak. (C) Decays of the
integrated area of the Im C4H peak over time. The decays are single
exponential and are fit to givekex ) 0.09 min-1 for S92A/H93G
and 0.04 min-1 for S92T/H93G.

Table 2: Exogenous Ligand Exchange Rates in Met Cyano
Complexes of Mb Cavity Mutants

cavity mutant ligand kex (min-1)

H93G imidazole 0.09( 0.01
S92A/H93G imidazole 0.09( 0.01
S92T/H93G imidazole 0.04( 0.01
H93G N-methylimidazole 0.17( 0.01
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Figure 6A; the peak at 15.5 ppm disappears over time as
protonatedN-MeIm exchanges for the deuterated ligand. The
rate for this process is determined to be 0.170 min-1, almost
a factor of 2 faster than the rate of Im exchange.

Binding of Imidazole and Methylimidazoles to Nitrosyl
Complexes. Addition of NO to deoxyH93G(L) at low [L]
gives the five-coordinate NO complex denoted H93G-NO
as indicated by the broad Soret band at 400 nm and EPR
data (6). Upon addition of excess imidazole or methylimi-
dazole, the Soret band shifts from 400 to 420 nm as the six-
coordinate H93G(L)NO complex is formed:

A plot of the change in absorbance at 420 nm (∆A420 )
A([Im]) - A([Im] ) 0)) versus∆A420/[Im] results in a straight
line with slope 1/K:

Data for binding of Im, 4-MeIm, andN-MeIm to the NO
complexes are given in Figure 7 and Table 4. The binding

constants of exogenous ligands to H93G-NO and S92T/
H93G-NO are very similar, but binding to S92A/H93G-
NO is weaker by over 1 order of magnitude. Furthermore,
while H93G-NO and S92T/H93G-NO bind 4-MeIm more
tightly than N-MeIm, S92A/H93G-NO binds the two
methylimidazoles with comparable affinity.

DISCUSSION

The 1H NMR data on the metcyano complexes of both
serine 92/H93G double mutants, combined with UV/vis
titrations on the nitrosyl complexes, provide a basis for
understanding the effect of residue 92 on the conformation,
dynamics, and binding affinities of exogenous imidazoles
to the proximal cavity of H93G. Mutation of serine 92 to
alanine or threonine can have two possible effects on the
conformation and properties of the proximal cavity. First,
the three residues differ in their possible hydrogen bonding
interactions with the proximal imidazole. The S92A mutation
removes a possible hydrogen bond acceptor. This may
weaken interactions between exogenous ligands and the
proximal cavity and affect bonding between ligands and the
heme iron as the hydrogen-bonded imidazole has a higher
effective pKa, making it a better ligand for the heme iron
(22-24). Second, the three residues differ in size (Thr>
Ser> Ala) and thus differ in the packing or steric interactions
within the proximal cavity. S92A/H93G is expected to have
the most spacious cavity, perhaps associated with the greatest
accessibility to penetration by solvent or proximal ligands,
while S92T/H93G should have the most crowded cavity.

Ser 92 Has Little Effect on Im Conformation.The
hyperfine shifts in the1H NMR spectra of MbCN complexes
are very sensitive to changes in heme axial ligand conforma-
tion, and comparisons of these shifts in different mutants
can be used to assess changes in conformation of heme
ligands and the local amino acid environment (5, 13, 15-
17). For example, this pattern is very different in WT MbCN
and H93G(Im)CN (5). Since S92A/H93G(Im)CN has a
spectrum identical to that of H93G(Im)CN, the conformation

FIGURE 5: Downfield hyperfine shifted region of the 500 MHz1H
NMR spectra of H93G(N-MeIm)CN, S92A/H93G(N-MeIm)CN,
and S92T/H93G(N-MeIm)CN. Assignments are listed in Table 3.

Table 3: Proton Chemical Shift Assignments of Selected Downfield
Hyperfine Shifted Resonances inN-MeIm Complexes of H93G,
H93G/S92A, and H93G/S92T

proton H93Ga S92T/H93G S92T/H93G

heme 8-Me 29.6 29.6 29.3
5-Me 24.4 24.4 24.2
1-Me 14.2 14.2 14.5

N-MeIm Me 14.8 14.8 14.8
C4H 15.5 15.5 15.6

His 64 NH 25.4 25.4 25.4
Phe 43 CúH 16.7 16.7 17.0

CεHs 12.4 12.4 12.6
a H93G data taken from ref5.

H93G-NO + L h H93G(L)NO (2)

K )
[H93G(L)NO]

[H93G-NO][L]
(3)

∆A ) constant+ ∆A
[L]

K-1 (4)

FIGURE 6: (A) 500 MHz 1H NMR spectra of H93G(N-MeIm)CN
taken after addition of 4,5-d2 N-MeIm to the NMR sample. Spectra
were measured at 1 min intervals and are shown normalized to the
Phe43 CεH peak at 12.4 ppm. (B) Decay of integrated area of the
N-MeIm C4H peak over time. The decay is a single exponential
and can be fit to givekex ) 0.17 min-1.
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of the Im must be very similar in both complexes. Thus,
neither the loss of the hydrogen bond or the change to the
size/packing of the caVity in S92A/H93G significantly impacts
the conformation of the bound imidazole.

There are some subtle differences in the spectrum of S92T/
H93G(Im)CN compared to H93G(Im)CN. Threonine is a
larger residue than serine, and there must be small changes
on the proximal side that accommodate the extra methyl
group. The small magnitude of the changes in the NMR
spectrum suggests that the overall conformation of the ligand
is still very similar to that found in H93G(Im).

Im NH Proton Exchanges More Rapidly in S92A/H93G.
The rate-limiting steps in proton exchange for buried imi-
dazoles can be penetration of solvent into the protein interior
or local unfolding (such as disruption of hydrogen bonds)
which is necessary to expose the group for exchange. Proton
exchange rates therefore contain a great deal of information
about the accessibility of an imidazole side chain and the
local dynamic motions within the protein. Proton exchange
for an imidazole ligated to the heme can occur by a base-
catalyzed mechanism (18).2 Thus, the differences in proton
exchange behavior between H93G and the two double
mutants reflect differences in accessibility of the proton.

The Im NH proton exchange rate is fastest for S92A/H93G
and slowest for S92T/H93G (Figures 2 and 3). Thus, the Im
NH proton is most accessible to solvent in S92A/H93G and
most protected in S92T/H93G. The changes in accessibility
of the Im NH proton can be explained in terms of changes
in hydrogen bonding or in packing within the proximal
cavity. The absence of a hydrogen bond in S92A/H93G-
(Im) would leave the proton more accessible for exchange
than in H93G(Im). Alternatively, the mutations to residue
92 can change the packing within the proximal cavity,
increasing or decreasing barriers for solvent entry. Replace-
ment of serine with a smaller residue (alanine) may make
the cavity more accessible to solvent (faster proton ex-
change), while replacement with a larger residue (threonine)
may increase the barrier for solvent penetration (slower
proton exchange).

N-MeIm Has a Faster Ligand Exchange Rate Than Im.
In earlier papers (5, 7), we reported that the rate of exchange
of Im with Im-d3 is independent of the concentration of Im-
d3 and is very sensitive to the iron oxidation state and nature
of thedistal ligand (CN- vs CO). One mechanism that would
explain these observations is if the rate-determining step in
ligand exchange is the off rate. In this paper, we also report
the kinetics of replacement ofN-MeIm by 4,5-d2 N-MeIm
in H93G(N-MeIm)CN.N-MeIm exchange is faster than Im.
Since Im binds more strongly thanN-MeIm, N-MeIm would
be expected to have a faster off rate than Im. Thus, this
observation is consistent with the interpretation ofkex as the
ligand off rate.

Effect of Ser 92 on Im Exchange Rates. Comparison of
the Im exchange rates in H93G, S92A/H93G, and S92T/
H93G reveals the importance of Ser 92 on the ligand off
rate. The rate of Im exchange in S92A/H93G is identical to
that in H93G, while ligand exchange is about two times
slower in S92T/H93G. Thus, in S92A/H93G neither the loss
of a hydrogen bond to the protein or the creation of a larger
cavity affect the rate of ligand dissociation. On the other
hand, the Im in S92T/H93G is less accessible to solvent, as
demonstrated by proton exchange data, and this increases
the barrier for ligand dissociation.

Imidazole Binding to Nitrosyl Complexes. Nitric oxide
exerts a repulsive trans effect upon binding to ferrous hemes;
in proteins such as guanylate cyclase, distal NO binding
results in rupture of the proximal histidine-iron bond. As
reported previously, binding constants of imidazoles to
H93G-NO can be measured by a UV/vis titration technique
(6); similar results have recently been reported for a cavity
mutant in aâ subunit fragment of guanylate cyclase (3).

N-MeIm binds to H93G-NO with a lower affinity than
4-MeIm. Since these two ligands have a similar size and
pKa, the difference in affinity was attributed to differences

2 Unlike the study by Lecomte and La Mar, the proximal imidazole
in the H93G mutants is not covalently attached to the polypeptide chain.
Thus, one could propose an alternate mechanism to explain the
saturation transfer data in these myoglobin cavity mutants in which
proton exchange is coupled to ligand exchange, and the saturation
transfer is measuring movement of the imidazole ligand in and out of
the proximal cavity. However, data presented earlier (5) and in this
paper demonstrate that Im exchange occurs much slower than the proton
exchange rates, and such a mechanism could not explain the observed
saturation transfer behavior. Thus, we believe that the standard base-
catalyzed mechanism observed with the proximal histidine of wild-
type myoglobin also applies to the proximal Im of the cavity mutants.

FIGURE 7: (A) UV/vis spectra of S92T/H93G-NO upon titration
of N-MeIm. Binding of N-MeIm causes the Soret band to shift
from 400 to 420 nm. (B) Plot of∆A420 vs ∆A420/[N-MeIm]. K
is determined using eq 4. Imidazole concentrations were cor-
rected for the fraction of protonated imidazole (ImH+) present at
pH 7.

Table 4: Binding Constants of Im,N-MeIm, and 4-MeIm to
Nitrosyl Complexes of Mb Cavity Mutants withK Defined by Eqs
2 and 3

cavity mutant KIm KN-MeIm K4-MeIm

H93Ga 1500 700 2000
S92A/H93G 10( 5 70( 20 60( 20
S92T/H93 1600( 200 1000( 200 2900( 500
a H93G data taken from ref7.
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in hydrogen bonding with Ser 92 (4). In the double mutant
S92A/H93G-NO, the binding constants for all of the
imidazoles are much smaller than in H93G-NO; for
example,K for Im is about 2 orders of magnitude smaller
than in H93G and is close to the value observed in free
heme-NO in detergent micelles (Belcher and Decatur,
unpublished results). Moreover, in S92A/H93G-NO, N-
MeIm and 4-MeIm have nearly the same binding affinity.
Thus, we conclude that Ser 92 plays an important role in
stabilizing Im binding to H93G-NO, that creation of a more
open cavity in S92A/H93G lowers the binding constants of
exogenous molecules, and that, in H93G-NO, N-MeIm is
a poorer ligand than 4-MeIm because it lacks a hydrogen
bond with Ser 92.

The binding constants for imidazoles to S92T/H93G-NO
are very similar to, but slightly larger than, those in H93G-
NO. The added size of threonine does not seem to have a
large effect on the imidazole binding constants, but the more
tightly packed and less accessible cavity does result in
stronger affinity for Im and 4-MeIm.

Interestingly, the S92A mutation has a large effect on the
binding constant of Im to the nitrosyl complex but no
significant effect on the dissociation rate of Im from the
metcyano complex. These contrasting results illustrate that
both iron-ligand bonding and ligand-protein interactions
are important in modulating the binding properties of
exogenous imidazoles to the proximal caVity. When the bond
between the iron and ligand is strong (as with Im-
metcyanoheme interactions), the energy of the Ser 92-Im
hydrogen bond is small relative to the barrier for ligand
dissociation, and thus loss of that interaction does not impact
the dissociation rate. However, when the bonding between
the iron and the ligand is much weaker (as in the Im-
nitrosylheme interactions), noncovalent interactions between
the ligand and the protein cavity are very important in
modulating ligand binding affinities.
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