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ABSTRACT: Crystal structures of the ferric H93G myoglobin (Mb) cavity mutant containing either an anionic
proximal thiolate sulfur donor or a carboxylate oxygen donor ligand are reported at 1.7 and 1.4 Å resolution,
respectively. The crystal structure and magnetic circular dichroism spectra of the H93G Mbâ-mercap-
toethanol (BME) thiolate adduct reveal a high-spin, five-coordinate complex. Furthermore, the bound
BME appears to have an intramolecular hydrogen bond involving the alcohol proton and the ligated thiolate
sulfur, mimicking one of the three proximal N-H‚‚‚S hydrogen bonds in cytochrome P450. The Fe is
displaced from the porphyrin plane by 0.5 Å and forms a 2.41 Å Fe-S bond. The Fe3+-S-C angle is
111°, indicative of a covalent Fe-S bond with sp3-hybridized sulfur. Therefore, the H93G Mb‚BME
complex provides an excellent protein-derived structural model for high-spin ferric P450. In particular,
the Fe-S bond in high-spin ferric P450-CAM has essentially the same geometry despite the constraints
imposed by covalent linkage of the cysteine to the protein backbone. This suggests that evolution led to
the geometric optimization of the proximal Fe-S(cysteinate) bond in P450. The crystal structure and
spectral properties of the H93G Mb acetate adduct reveal a high-spin, six-coordinate complex with proximal
acetate and distal water axial ligands. The distal His-64 forms a hydrogen bond with the bound water.
The Fe-acetate bonding geometry is inconsistent with an electron pair along the Fe-O bond as the
Fe-O-C angle is 152° and the Fe is far from the plane of the acetate. Thus, the Fe-O bonding is ionic.
The H93G Mb cavity mutant has already been shown to be a versatile model system for the study of
ligand binding to heme proteins; this investigation affords the first structural evidence that nonimidazole
exogenous ligands bind in the proximal ligation site.

The proximal ligand plays a crucial role in the activation
of oxygen and peroxide by heme enzymes (1-5). Although
the application of site-directed mutagenesis for the prepara-
tion of proximal ligand mutants has yielded important
information about their roles in catalysis, the technique is
limited by the minimal number of naturally occurring amino
acid ligands available in the genetic code. To overcome this
shortcoming, Barrick prepared a proximal H93G cavity
mutant of sperm whale myoglobin (Mb)1 by replacing His-
93 with a much smaller Gly (6). This creates a proximal
pocket that accommodates foreign unnatural ligands, and the
H93G Mb cavity mutant has been extensively employed for
the preparation of heme protein model complexes (1, 7-16).
The use of the H93G Mb cavity mutant as a natural protein-
derived structural and functional model circumvents the

limitations of site-directed mutagenesis. This paper presents
the first crystallographic study of the H93G ferric Mb cavity
mutant containing non-imidazole proximal ligands, specif-
ically thiolate sulfur and carboxylate oxygen, as structural
models for cysteinate- and oxyanion-ligated heme enzymes.

Cysteine serves as a proximal axial ligand in a number of
heme enzymes, most notably the dioxygen and peroxide
activating enzymes cytochrome P450 (P450),Calderiomyces
fumagochloroperoxidase, and nitric oxide synthase (2). The
cysteine must be deprotonated to cysteinate throughout the
reaction cycle for catalytic activity. Dawson has proposed
that the cysteinate “push” is important for the mechanism
of monooxygenase activity in P450 (2, 3, 17). Various factors
that stabilize thiolate ligation have been discussed and
investigated (4, 10). In particular, there are three amide
N-H‚‚‚S(proximal) hydrogen bonds in P450-CAM from
residues Leu-358, Gly-359, and Gln-360 that play a key role
in the catalytic cycle by helping to retain cysteinate
coordination when the iron goes sequentially through the
ferric, ferrous, and ferryl oxidation states. Morishima and
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co-workers have used site-directed mutagenesis to remove
one of these conserved amide hydrogen bonds in the L358P
mutant (18). This led to an increase in the thiolate push effect
that was proposed to facilitate the protonation of the outer
oxygen atom in the hydroperoxo intermediate of P450-CAM.
There is no successful natural model system to mimic these
highly conserved amide hydrogen bonds although attempts
have been made to incorporate hydrogen bonding into
synthetic porphyrin models. Nakamura, for example, has
prepared ferric porphyrin thiophenolate complexes containing
one or two ortho-substituted amide N-H groups to hydrogen
bond to the coordinated thiolate sulfur (19). The proximal
His to Cys mutant of Mb (20, 21), H93C Mb, is unable to
form a thiolate H-bond with the adjacent amino acid residue,
Ser-92, because its hydroxyl group is too far from the Cys-
93 S atom.

A second set of interesting heme proteins has an anionic
proximal O-donor ligand, typically tyrosinate, in the ferric
state. Some examples are heme-containing catalases, the
naturally occurring hemoglobin M mutants, and coral allene
oxide synthase, all of which contain tyrosinate proximal
ligation (22-27). The most notable feature of these proximal
oxyanion-ligated proteins is a much lower redox potential
compared to neutral His-ligated hemes, sufficiently low so
as to make it difficult to naturally reduce the ferric iron to
the ferrous state. This is a useful property for enzymes such
as catalase and allene oxide synthase that need to remain in
the ferric state during catalysis but presents a severe problem
for humans with hemoglobin M.

The factors controlling whether an oxyanion-ligated ferric
heme center is five-coordinate or six-coordinate with a trans
water ligand are not well understood (11). For example, in
H93Y Mb, resonance Raman and magnetic circular dichro-
ism (MCD) spectroscopies have shown that it is mostly a
five-coordinate species (28, 29). Spectroscopic analysis of
H25A heme oxygenase at neutral pH reveals a five-
coordinate complex with carboxylate ligation to the heme
iron (12). Recent MCD characterization of the C436S P450-
2B4 mutant revealed a mostly six-coordinate serinate/water-
ligated ferric heme center, but the complex is not homoge-
neous as some portion is five coordinate (30). Therefore, it
is important to examine the contributing factors that influence
distal water ligation to oxyanion-ligated (i.e., serinate,
tyrosinate, or carboxylate) heme iron centers in proteins.

Even though H93G Mb has been used extensively as a
probe for modeling heme proteins with O- and S- donor
proximal ligands (13), there has not been any crystallographic
study to show that such ligands bind in the proximal cavity.
In the present investigation, we have successfully crystallized
the â-mercaptoethanol (BME) and acetate adducts of ferric
H93G Mb and report the structural features observed for
these two different proximal donor ligands. The BME
thiolate-bound ferric H93G forms a five-coordinate high-
spin adduct, while acetate carboxylate-bound ferric H93G
Mb is a six-coordinate, high-spin complex with a trans water
ligand. We have also characterized these derivatives with
magnetic circular dichroism (MCD) and electronic absorption
(EA) spectroscopy.

MATERIALS AND METHODS

Chemicals and Proteins.All chemicals were of reagent
grade or better and were purchased from Sigma-Aldrich. The

H93G sperm whale MbEscherichia coliexpression system
was a gift from Prof. Steven G. Boxer, Stanford University.
H93G Mb mutant growth and purification yield pure H93G
Mb with imidazole bound in the proximal cavity. For
crystallization purposes, we have removed the imidazole
using a different method than previously reported (12). First,
complete oxidation of the heme iron was accomplished by
addition of a few crystals of potassium ferricyanide (Fluka)
followed by dialysis (three times) for H93G Mb in 100 mM
potassium phosphate buffer at pH 7.0. After eluting a few
times (generally two or three) through a Bio-Gel P100 size-
exclusion column, the pure ligand-free ferric H93G Mb was
collected. This fresh H93G ligand-free Mb sample was buffer
exchanged to 100 mM PIPES, pH 6.2, buffer in a Centricon
(8000 nominal molecular weight limit) by centrifuging at
3000 rpm. The final EA spectrum was identical to that
previously reported for ligand-free H93G Mb (12).

Crystallization.Crystals of H93G Mb were grown by the
vapor diffusion method using the hanging-drop setup at
conditions similar to those reported previously (14), but with
100-fold lower imidazole concentration. The protein solution
was 0.9 mM (15 mg/mL), 0.05 mM imidazole; the precipitant
solution was 37% PEG 8K, 300 mM sodium acetate, 0.1 M
PIPES, pH 6.2, and 0.1% dioxane. Attempts to grow crystals
entirely without imidazole were not successful. Crystals were
transferred to two preequilibrated drops containing precipitant
solution (thus without imidazole), one of which contained 5
mM BME. Crystals were soaked for approximately 10 h and
transferred to cryoprotectant solutions which were the
soaking solutions with 10% ethylene glycol. After brief soak,
they were flash-cooled in N2 vapors at-178 °C.

Crystallography.Data were collected on two soaked H93G
mutant crystals with approximate dimensions of 0.25× 0.50
× 0.25 mm (BME) and 1.0× 0.50× 0.25 mm (no BME).
The X-ray diffraction experiments were carried out at the
SBC-CAT BM (19BM) beamline of the Advanced Photon
Source at Argonne National Laboratory and processed with
the HKL2000 suite of programs (31).

The main parameters for data collection and processing
are given in Table 1. The crystals were isomorphic with those
reported earlier, and the initial model for the refinement was
obtained from the structure (PDB code 1DTM) of the mutant
with a methylimidazole ligand (14) by omitting nonprotein
atoms. Crystallographic refinement was carried out with an
iterative combination of interactive graphics utilizing Turbo-
Frodo software (32) and simulated annealing using CNS
software (33). A planar model for the heme was used in
agreement with the small molecule data obtained (34) for a
similar system (vide infra) with restraints generated using
the HIC-Up website (xray.bmc.uu.se/hicup) for the CNS
refinements and SHELXPRO for SHELX (35). Water
molecules were assigned to peaks that were present in both
FoFc and 2FoFc sigmaa weighted maps and formed appropri-
ate contacts with the protein molecule. Water molecules that
had aB factor above 65 Å2 after refinement were deleted.
Subsequently, both structures were refined with SHELXL
(35) using anisotropic temperature factors. For the BME
complex, the freeR increased, indicating that the resolution
(number of reflections) was insufficient for the anisotropic
description of thermal motion, and this model was not used
further. Correctness of the final structures was evaluated
using PROCHECK (36). Figure 1 was obtained with Turbo-
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Frodo. Figure 2 was generated using Pymol (37). Figure 3
was made with MOLSCRIPT (38) and Raster3D (39). The
final refinement parameters are given in Table 1.

Spectroscopic Sample Preparation.Mb concentrations
were determined by the pyridine hemochromogen method
(40). MCD and EA spectral measurements were obtained at
4 °C with Mb (∼50 µM) in 100 mM potassium phosphate
buffer (pH 7.0). For titration experiments, small aliquots of
850 mM potassium acetate or benzoate in 100 mM potassium
phosphate buffer or of 2.0 M BME in DMSO were added to
0.4 mL (l ) 1 cm, [protein]) ∼50 µM) or 2 mL (l ) 1 cm,
[protein] ) ∼5 µM). Comparable amounts of DMSO did
not produce spectral changes. Dissociation constants (Kd)
were determined by Hill (see Data Analysis in ref40) and
double reciprocal plots (41).

Spectroscopic Techniques.EA spectra were recorded with
a Cary 400 spectrophotometer or a JASCO J600A spec-
tropolarimeter. MCD spectra were measured in a 0.2 cm

cuvette at a magnetic field of 1.41 T with the JASCO J600A
spectropolarimeter as described (41). Data acquisition and
manipulation were done as reported (42) with JASCO
software.

RESULTS

X-ray Crystallography of Ferric H93G‚BME and H93G‚
Acetate Mb.Electron density for both H93G Mb derivatives
covered the whole molecule with the exception of a few side
chains of surface residues. The electron density for the heme
and its proximal and distal ligands is shown in Figure 1.
The replacement of His-93 with Gly results in only minor
alterations of the Mb structure (6). A comparison of the fold
of the imidazole-ligated H93G protein (6) with those
containing BME or acetate ligands reveals even fewer
differences. Taking into account different software packages
used in crystallographic refinements, the differences do not
appear to be significant except at the N-terminus. The heme
iron coordination environments of the BME and acetate
complexes of ferric H93G Mb are shown in Figure 2.
Differences caused by ligand binding are mostly limited to
the immediate environment of the heme.

The superposition of the ferric H93G Mb heme environ-
ments of the BME and acetate structures as well as that of
the 4-methylimidazole adduct (14) is shown in Figure 3. It
is apparent that the three ligands use the same region of the
proximal cavity. There are only minor differences in the
conformation of the heme propionate chains.

Structure of Ferric H93G‚BME Mb and Comparison with
Cytochrome P450-CAM.There are many P450 structures in
the Protein Data Bank, and discussing all of them would be
beyond the scope of the present paper. For comparison with
the H93G‚BME complex, we have selected the structure of
the ferric P450-CAM camphor complex, which is the most
suitable model by virtue of its five-coordinate high-spin Fe3+

ion and high precision. The structure was originally reported
by Poulos and co-workers (43) and, more recently, by
Schlichting et al. (44); we will refer to it (PDB entry 1DZ4)
below as P450-CAM. This structure contains two symmetry-
independent molecules in the unit cell. As in H93G‚BME,
there are no distal ligands closer to the Fe3+ ion than 4 Å.
The S atom of BME is located within experimental error
above the Fe3+ on the line perpendicular to the porphyrin
plane.

The same situation was observed in a small molecule
analogue, thep-nitrothiophenol thiolate complex of ferric
protoporphyrin IX (FePSNP), reported by Tang et al. (34).
In P450-CAM, the Sγ atom of the proximal cysteine is
somewhat displaced off from the heme center and the Sγ-
Fe3+ bonds form angles of 83° and 82° (in the two molecules
of the unit cell) to the porphyrin plane. In H93G‚BME, the
Fe3+-S-C angle is 111°, suggesting that the sulfur is sp3

hybridized and that the Fe-S bond is covalent. A similar
situation is seen in P450-CAM where this angle is 108° and
110°. The length of the S-Fe3+ bond is 2.41 Å in H93G‚
BME, 2.37 and 2.36 Å in P450, and 2.324 Å in FePSNP.
The distance between the tetrapyrrole plane and Fe3+ is 0.5
Å in H93G‚BME while 0.4 and 0.4 Å in P450 and 0.45 Å
in FePSNP; these minor differences may reflect different
geometrical restraints used for the heme in crystallographic
refinements. In conclusion, the geometrical parameters of

Table 1: Crystallographic Data and Refinement Statistics for H93G
Complexes withâ-Mercaptoethanol (BME) and Acetate Ion

ligand BME acetate ion
X-ray source APS SBC-

CAT BM
APS SBC-

CAT BM
detector 3× 3 mosaic 3× 3 mosaic
wavelength (Å) 0.97929 0.97929
temperature (K) 100 100
no. of frames 120 195
oscillation range (deg) 1.000 1.000
detector to crystal

distance (mm)
130 125

space group P212121 P212121

unit cell dimensions
a (Å) 39.67 39.72
b (Å) 47.77 48.00
c (Å) 77.43 77.61

mosaicity, from
HKL2000 (deg)

0.7 0.7

resolution range (Å)
(outer shell)a

50.0-1.70
(1.76-1.70)

50.0-1.40
(1.45-1.40)

averageI 3823 3804
averageI/σ(I) 10.4 8.9
no. of unique reflections 16116 (1269) 26514 (1107)
redundancy 3.4 (2.4) 5.7 (2.2)
completeness (%) 89.5 (60.5) 88.3 (37.3)
low-resolution linear

R-factor in shell
0.025 (50.0-3.7) 0.026 (50.0-3.0)

total linear and 0.046 (0.328) 0.046 (0.608)
squareRmerge

b 0.039 (0.267) 0.034 (0.532)
no. of reflections in

refinement
(with |F|/σ|F| > 2)

13266 20757

R-valuec 19.4 {11.6}
Rfree (% of reflections used)d 21.4 (3.7) {20.6} (3.3)
rmsd, bond lengths (Å) 0.006 0.006
rmsd, bond angles (deg) 1.0 1.0
averageB factor (Å2)

for protein atoms 21.9 17.4
for solvent 39.4 34.9
for ligand 30.4 18.9

Ramachandran statisticse

residues most favored
φ/ψ (%)

92.6 91.9

residues in additionally
allowed region (%)

7.4 8.1

no. of water molecules 271 313
a Values in parentheses are for the outermost resolution shell; values

in braces are for the SHELX refinements.b Rmerge ) (∑h|Ih - 〈I〉|)/
(∑hIh). c R ) (∑h|Fo - Fc|)/(∑hFo). d Rfree ) crystallographicR-factor
for test set (30). e As determined by PROCHECK (33).
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H93G‚BME suggest that this complex is an excellent
structural model for high-spin, five-coordinate, ferric cyto-
chrome P450.

Although the proximal cavity can accommodate ligands
larger than the BME molecule, we did not observe localized
water molecules inside the cavity. The BME hydroxyl forms
a 3.3 Å contact with the carbonyl of Leu-89, a distance longer
than typical O-H‚‚‚O hydrogen bonds (45).

The numerous well-documented examples of cysteine
ligation in metalloproteins, particularly heme proteins, always
involve deprotonated cysteinate. Factors contributing to
stabilizing cysteinate binding to Fe so that it is retained in
ferrous, ferric, and ferryl oxidation states have been discussed
(4, 10). Hydrogen bonding between the proximal amide (N-
H‚‚‚S) and the thiolate is a prominent feature. Interestingly,
when BME is bound to the heme iron in H93G Mb, it appears
to have a weak intramolecular H-bond between its hydroxyl
proton and the bound thiolate sulfur that mimics the hydrogen
bonds to the proximal cysteinate sulfur seen in P450-CAM
(Figure 1A). We also note that the distal side of the BME-
bound H93G Mb shows an uncoordinated water molecule
4.2 Å away from the heme iron, but within hydrogen-bonding
distance to the distal His-64 (3.0 Å).

Structure of Ferric H93G‚Acetate Mb.In general, the heme
module in the acetate adduct of ferric H93G is similar to
that observed in ferric Mb (46, PDB entry 1A6K). The Fe3+

ion forms a strong bond, 2.26 Å, to the distal water molecule,
which also forms a 2.6 Å hydrogen bond to the distal
histidine (Table 2). The density for the water molecule is
strong, indicating full occupancy, but its shape deviates from
spherical (Figure 1B). This suggests some caution in the
accuracy assessment of the Fe-O bond length. The distance
from the iron to the inner oxygen atom of the acetate ion is
2.22 Å. The ion is not oriented with one of its lone electron
pairs toward the Fe3+ ion (Figure 4); the Fe3+-O-C angle
is 152° and the angle between the acetate plane and the
tetrapyrrole plane is 69°, indicating that the interaction

FIGURE 2: Schematic representation of the heme iron environment
in ferric H93G Mb (A) with â-mercaptoethanol bound in the
proximal cavity and (B) with acetate bound in the proximal cavity
and a water molecule coordinated in the distal pocket, as determined
by X-ray crystallography.

FIGURE 1: Stereo diagram of the omit electron density calculated as anFoFc map contoured at the 5σ level (A) for the heme and the BME
molecule and (B) for the heme and for the acetate ion.
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between the Fe3+ and acetate ions is primarily ionic. The
outer oxygen atom of the acetate ion is located 2.86 Å from
the hydroxyl of Ser-89, indicating the presence of a hydrogen
bond.

Spectroscopic Properties of Ferric H93G‚BME Mb.Figure
4 shows the EA spectral changes that occur upon addition
of BME to ferric, ligand-free H93G Mb. Exogenous, ligand-
free, ferric H93G Mb exhibits a Soret absorption peak at
405 nm (12) while the five-coordinate H93G‚Mb BME
adduct shows a Soret absorption peak at 391 nm and a
prominent peak at 618 nm that is typical of high-spin ferric
heme complexes. The MCD spectrum of H93G‚ΒΜE Mb
has a unique trough in the Soret region at 390 nm (intensity,
-18 M-1 cm-1 T-1) that is typical of a five-coordinate
thiolate-ligated ferric heme (9, 17). This spectrum is almost
identical to that of camphor-bound ferric P450-CAM as
shown in Figure 4. Importantly, the near match is an
improvement over the data reported for ferric H93G (ethaneth-
iolate) Mb (10), likely due to the presence of the hydrogen
bond to the thiolate sulfur in the ferric H93G BME adduct.
The titration data for BME binding to ferric H93G Mb
(Supporting Information, Figure S1) shows that a 1:1ΒΜE
complex forms with aKd value of ∼ 7 µM. The ferric
H93G‚BME Mb complex therefore provides an excellent
protein-derived structural model system for the high-spin
ferric state of thiolate-ligated P450 proteins.

Spectroscopic Properties of Ferric H93G‚Acetate Mb.
Titration of exogenous, ligand-free, ferric H93G Mb with
acetate (Supporting Information, Figure S2) reveals the
formation of a 1:1 acetate-bound ferric heme derivative with

a dissociation constant (Kd) of 440 µM. Similarly, titration
with benzoate led to formation of the corresponding 1:1
benzoate adduct with aKd value of 3.5 mM (data not shown).
The X-ray crystal structure (Figures 1B and 2B) of the acetate
complex shows that it is a six-coordinate complex with
proximal acetate and distal water as axial ligands to the heme
iron. The MCD and EA spectra of acetate- and benzoate-
ligated ferric H93G Mb are compared in Figure 5. Both MCD
spectra have a derivative-shaped feature in the Soret region
centered at 410 nm. The derivative-shaped features in the
visible region are relatively less intense (∼(5 M-1 cm-1

T-1) for both complexes. The EA spectra feature peaks at
626 nm for the benzoate complex and at 614 nm for the
acetate adduct that are typical of high-spin ferric heme
derivatives. The close similarity between the EA and MCD
spectra of the two complexes argues strongly that both have
the same heme iron coordination structures.

FIGURE 3: Stereoview of the superposition of the hemes in BME, acetate, and 4-methylimidazole [determined by Barrick (27)] complexes
based on protein CR positions. Bonds are colored as follows: heme and BME in BME complex, green; heme and acetate in acetate complex,
magenta; heme and 4-methylimidazole in 4-methylimidazole complex, blue. Fe atoms are colored in the same way as its bond color. Other
atoms are colored as follows: C, black; O, red; N, blue; S, yellow.

Table 2: Stereochemistry of the Heme-Axial Ligand Interaction in
H93G and Wild-Type Myoglobin

H93G H93G H93G wild typec

ligand BMEa acetatea imidazoleb imidazole
distance (Å)

Sb to Fe3+ d 2.4
Oa to Fe3+ d 2.2
Nt to Fe3+ d 1.9 2.2
Sb to heme plane 3.0
Oa to heme plane 2.4
N to heme plane 1.9 2.4
Fe3+ to heme plane 0.5 0.2 0.0 0.2
Fe3+ to distal water 4.2 2.3 2.7 2.1
distal water to His-64 Nε2 3.0 2.6 2.7 2.6
a From this study.b From the sperm whale myoglobin mutant H93G

structure of Barrick (6). c From the ferric sperm whale myoglobin
structure of Takano (50). d Sb is defined as the sulfur from BME that
is bonded to the heme iron; Oa is defined as the oxygen from acetate
that is bonded to the heme iron; Nt is defined as the nitrogen from
imidazole that is bonded to the heme iron.

FIGURE 4: Magnetic circular dichroism (A) and electronic absorp-
tion (B) spectra of five-coordinate, high-spin ferric BME-bound
H93G Mb (1.14 mM BME and∼50 µM H93G) (solid line) and
wild-type P450-CAM in the presence of camphor (1 mM) (dashed
line). See Materials and Methods for additional details.
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The Soret absorption peaks of the acetate and benzoate
complexes have red shifted 2-3 nm from the value of 405
nm observed for ligand-free H93G Mb (12). Exogenous,
ligand-free, ferric H93G Mb has been established to contain
a mixture of five- and six-coordinate water/hydroxide ligation
at neutral pH (12). The shift in the Soret absorption peak to
∼408 nm could be due to complete homogeneous formation
of a six-coordinate complex. This is further confirmed by
the similar MCD spectra seen for both the acetate and
benzoate complexes featuring an intense derivative-shaped
feature in the visible region that is distinctly different from
what is seen for the five-coordinate carboxylate-bound H25A
variant of heme oxygenase (the Soret absorption peak for
the latter is at 400 nm) (12). Therefore, on the basis of the
crystal structure for acetate-bound H93G and the similarity
of the MCD and EA spectral features of the acetate and
benzoate adducts, we conclude that both complexes are good
structural models for six-coordinate, oxyanion and water-
ligated high-spin states of heme proteins.

DISCUSSION

The ability to obtain crystals of H93G at a very low
imidazole concentration and subsequent diffusing in ligands
into the proximal cavity open the possibility for further
crystal binding studies. It can be speculated that the need
for substoichiometric quantities of imidazole during crystal-
lization (1:20 ligand:protein ratio) is related to its role in
crystal nucleation or perhaps in protein unfolding/refolding,
but it is also possible that the native crystals included the
imidazole complex. The soaking solutions did not contain
imidazole, and if imidazole was present in the native crystals,

it was replaced by BME (5 mM) during the soaking process.
In the absence of BME, acetate (300 mM) from the
crystallization media occupies the proximal cavity balancing
charges and stabilizing the protein. Reducing the acetate
concentration in future crystal soaking experiments may
further facilitate proximal ligand exchange.

The H93G‚BME complex is the first crystal structure that
shows how a globin can structurally mimic high-spin, ferric
P450 and confirms the predictions derived from MCD data
that the H93G complexes with thiolate ligands are five
coordinate (10). MCD characterization of other H93G
thiolate adducts with the Fe-S bond indicates that, like the
H93G‚BME complex, these compounds are five coordinate
with a high-spin ferric iron.

Studies of H93G complexes with imidazoles showed that
the proximal side is the preferred location for initial ligand
binding in H93G adducts (6, 14). Our results extend this
finding to two new classes of ligands. The BME molecule
has only weak interactions with residues lining the proximal
cavity; its position is determined by the Fe-S bond with
the rotation around it stabilized by a contact with Leu-89
(Figure 2A). It is remarkable that the Fe-S bond in P450-
CAM has a very similar geometry despite the constraints
resulting from the covalent linkage of the thiolate to the
protein frame. Apparently, evolution led to the geometric
optimization of the P450 proximal Fe-S(cysteinate) bond.

Why do exogenous ligands prefer to bind on the proximal
side of the ferric H93G‚Mb cavity mutant? Modeling studies
(not shown) indicate that steric hindrance by the distal
histidine (His-64) and by Val-68 do not allow positioning
of BME and acetate ligands on the distal side without large
conformational changes. While movement of the distal
histidine of globins out of the pocket has been observed either
as a result of very low pH (47) or the binding of aromatic
molecules such as imidazole as a heme ligand (48) or
iodophenol as an adduct in the distal pocket (49), this clearly
is a higher energy conformational state. The enlargement of
the proximal cavity in the H93G variant apparently enables
ligand binding without transition to this state.

The H93G‚acetate structure (Figure 2B) represents a very
unusual environment for heme iron in which a carboxylate
oxyanion is the proximal ligand. Previous spectroscopic
studies of H93G with oxyanion proximal ligands (11) have
provided evidence for a six-coordinate high-spin benzoate/
water adduct, in excellent agreement with the results
presented herein, and for a five-coordinate high-spin
phenolate complex, i.e., with no distal water. This clearly
reflects sensitivity for distal water ligation to the heme iron
center that depends on parameters more subtle than just the
identity of the proximal ligand donor atom. From the
available data for H93G Mb, we propose that the main factor
controlling the coordination structure in oxyanion-ligated
complexes is the propensity of proximal ligand for charge
transfer (push) as assessed by ligand basicity. The acetate
(pKa ) 4.7) and benzoate (pKa ) 4.2) ions are only weakly
basic and do not provide enough electron donation to the
ferric heme iron. Consequently, an additional water ligand
on the distal side is needed. In ferric H93G, in the absence
of exogenous ligands, a mixture of five and six coordination
involving hydroxide and water is seen (12). In contrast, the
more basic phenolate ion (pKa ) 9.9) yields a five-coordinate
structure (11).

FIGURE 5: Magnetic circular dichroism (A) and electronic absorp-
tion (B) spectra of six-coordinate, high-spin ferric H93G Mb (∼50
µM) in the presence of benzoate (16 mM) (dashed line) and acetate
(200 mM) (solid line). See Materials and Methods for additional
details.
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In summary, the crystal structures of the ferric H93G Mb
cavity mutant with thiolate and carboxylate proximal ligands
have been reported at 1.7 and 1.4 Å resolution, respectively.
The H93G Mb‚BME thiolate adduct is five coordinate with
a covalent 2.41 Å Fe-S bond. The bound BME appears to
have an intramolecular hydrogen bond from the alcohol
hydroxyl to the ligated thiolate sulfur, mimicking one of the
(amide)N-H‚‚‚S(Cys) hydrogen bonds in cytochrome P450.
Thus, the H93G‚ΒΜE complex provides an excellent
protein-based structural model for high-spin ferric P450. In
fact, the Fe-S bond in P450-CAM has essentially the same
geometry despite the constraints resulting from the covalent
linkage of the thiolate to the protein frame. This suggests
that evolution led to the geometric optimization of the P450
proximal Fe-S(cysteinate) bond. The H93G Mb acetate
complex is six coordinate with proximal acetate and distal
water axial ligands. The Fe-acetate bonding geometry is
more consistent with ionic bonding. The structural conclu-
sions drawn from the data presented herein are in excellent
agreement with previously reported spectroscopic data and
validate the use of cavity mutants as a tool for heme protein
investigations. They also provide the first structural evidence
that non-imidazole exogenous ligands bind in the proximal
ligation site of the H93G myoglobin cavity mutant.
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