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ABSTRACT: The three-dimensional structure of recombinant horseradish peroxidase in complex with BHA
(benzhydroxamic acid) is the first structure of a peroxidase-substrate complex demonstrating the existence
of an aromatic binding pocket. The crystal structure of the peroxidase-substrate complex has been
determined to 2.0 Å resolution with a crystallographicR-factor of 0.176 (R-free ) 0.192). A well-
defined electron density for BHA is observed in the peroxidase active site, with a hydrophobic pocket
surrounding the aromatic ring of the substrate. The hydrophobic pocket is provided by residues H42,
F68, G69, A140, P141, and F179 and heme C18, C18-methyl, and C20, with the shortest distance (3.7 Å)
found between heme C18-methyl and BHA C63. Very little structural rearrangement is seen in the heme
crevice in response to substrate binding. F68 moves to form a lid on the hydrophobic pocket, and the
distal water molecule moves 0.6 Å toward the heme iron. The bound BHA molecule forms an extensive
hydrogen bonding network with H42, R38, P139, and the distal water molecule 2.6 Å above the heme
iron. This remarkably good match in hydrogen bond requirements between the catalytic residues of HRPC
and BHA makes the extended interaction between BHA and the distal heme crevice of HRPC possible.
Indeed, the ability of BHA to bind to peroxidases, which lack a peripheral hydrophobic pocket, suggests
that BHA is a general counterpart for the conserved hydrogen bond donors and acceptors of the distal
catalytic site. The closest aromatic residue to BHA is F179, which we predict provides an important
hydrophobic interaction with more typical peroxidase substrates.

Horseradish peroxidase (HRPC)1 is an oxidoreductase
extensively studied by various types of spectroscopy and
other techniques. HRPC catalyzes the H2O2-dependent
oxidation of a variety of aromatic electron donor molecules
(AH) through the formation of intermediate compounds
(1).

The high oxidation state intermediate compound I comprises
an oxyferryl heme (2) and a porphyrin cation radical (3).
Compound I reacts with the reducing substrate by extracting
a proton and an electron from it. The electron reduces the
porphyrin cation radical, and a proton acceptor, generally
believed to be the distal histidine, binds the proton. An
additional single electron-transfer step returns the enzyme
to the resting state by reaction with another aromatic donor
molecule. While the first part of the reaction (i) is structur-
ally well characterized (4-6), the precise mode of interaction
between peroxidase and reducing substrates remains more
obscure. For HRPC, a range of substrate molecules have
been shown to form stable 1:1 complexes in the absence of
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hydrogen peroxide (7 and references cited therein;8-10).
On the other hand, peroxidases are known to be nonspecific
in their substrate requirements. Recently, a general correla-
tion has been observed between the rate of reaction of
compound I and the half-potential for the formation of the
respective radical product (11). Also, the energy levels of
the lowest occupied molecular orbital of the substrate
correlate well with the reaction rate of compound I with
substrates (12).
Structural determinants of plant peroxidase substrate

specificity have been examined through reactions with alkyl-
and phenylhydrazines (13-15). The reaction of phenylhy-
drazine with the heme group is limited to the so-called
exposed heme edge, which includes the heme C20 and heme
C18-methyl group. In horseradish peroxidase, this is taken
as evidence of a restricted accessibility to the heme ferryl
oxygen mediated by the protein environment. The restricted
accessibility suppresses oxygen transfer reactions, forcing
electron transfer to occur at the heme C20 edge. In support
of this, NMR spectroscopy has shown aromatic donor
molecules to bind close to the heme C18-methyl (7, 16, 17).
Two-dimensional NMR spectroscopy has revealed two Phe
residues in the heme vicinity, one of which interacts directly
with both BHA and physiologically relevant substrates such
as ferulic acid (18) and indole-3-propionic acid (19). This
particular Phe residue was also shown to interact with the
heme C18-methyl and with another nearby Phe residue.
Recent modeling (20) and NMR studies of mutant HRPC
(21) have attempted to identify the residue concerned, with
the principal candidates suggested from these two studies
being F179, F68, and F221. A recent crystal structure of
the HRPC resting state (22) strongly suggested F179 as the
key residue. This has recently been confirmed by NMR
analysis of the appropriate HRPC mutant (23).
The substrate molecule, BHA, examined in this and in

previous NMR studies, is a weak acid (pKa ) 8.8) with no
established physiological role. Structurally it is related to
aromatic peracids, which are potent oxidants of resting state
HRPC (24). BHA reacts with compound II with a second-
order rate constant of 7.8× 105 M-1 s-1 (25), and it is a
competing substrate during the oxidation of phenols and
aromatic amines (26). The structure of the HRPC-BHA
complex may provide information on the interaction of
aromatic peracids with the enzyme during compound I
formation and the interaction of reducing substrates during
compound I and compound II reduction. BHA is not
hydrolyzed by HRPC in the absence of peroxide, but it forms
a stable, reversible complex with a dissociation constant of
2.4 µM. The ternary HRPC-BHA-CN complex has a
considerably higher dissociation constant of 0.15 mM (26).
Resonance Raman studies of the HRPC-BHA complex have
shown that this complex differs from that formed between
HRPC and other aromatic donors. The predominantly five-
coordinate high-spin heme iron in native HRPC is in the
HRPC-BHA complex reported to be perturbed to a six-
coordinate high-spin state with a water molecule bound as
the sixth ligand (27, 28). A recent NMR study, however,
concludes that this complex is five-coordinate (29).
A number of NMR studies of substrate complexes have

focused on the low-spin HRPC-BHA-CN complex (7 and
references therein;18, 30, 31), although it is recognized that
this complex is distinct compared to that formed between

BHA and the native enzyme (7). La Mar et al. (30) found
the ternary HRPC-BHA-CN complex to be heterogeneous,
with two forms in rapid exchange. This was attributed to
an alternate conformation of a distal residue that sterically
blocks the substrate binding site in one of the binding modes.
NOE interactions exist between BHA and the heme C18-
methyl and between BHA and His42 in the HRPC-BHA-
CN complex, suggesting a distal binding site in close
proximity to the heme C18-methyl (21, 32). A number of
other resonance signal perturbations from, e.g., R38 are
consistent with perturbation of the distal heme-linked
hydrogen-bonding network.

EXPERIMENTAL PROCEDURES

Crystallization. Crystals were grown by cocrystallization
of recombinant HRPC (33) and BHA by equilibration of
hanging drops against reservoirs of 1.0 M (NH4)H2PO4 and
0.1 M cacodylate buffer at pH 6.5 at 283 K. The starting
concentration of BHA in the drops was 0.35 mM and the
HRPC concentration 6.0 mg/mL, giving greater than 99%
complex. The crystals were monoclinic, space groupP21,
with unit cell dimensionsa) 74.9 Å,b) 62.3 Å,c) 78.0
Å, and â ) 104.4°. Two molecules per asymmetric unit
were estimated from solvent content calculations (34). The
self-rotation function showed a peak at (æ, ψ, ø) ) (90, 90,
180) corresponding to a noncrystallographic 2-fold axis.
Data Collection and Reduction. Diffraction data for

HRPC-BHA and HRPC-BHA-Hg(CH3COO)2 were col-
lected at room temperature on a Rigaku R-axis IIC image
plate system with a Rigaku RU200 rotating anode operated
at 50 kV and 180 mA. The crystal to detector distance was
100 mm, the oscillation range was 2.0°, and a typically used
exposure time was 30 min. As for HRPC-BHA-K2PtCl6,
data were collected at HASYLAB, EMBL Hamburg outsta-
tion, on beamline X31. Autoindexing and integration of
intensities was achieved with Denzo (35); the data were
averaged and scaled with Scalepack (35), while further data
processing was done with the CCP4 programs (36). Statistics
for the X-ray data are given in Table 1. Diffraction data
were collected to minimum Bragg spacing ranging from 2
to 2.1 Å. Generally the data suffered from a high degree of
mosaicity, typically in the 1.0-1.2° range.
Structure Solution and Refinement. Molecular replacement

with the program AMoRe (37) used a complete model of
peanut peroxidase (38) including all protein atoms, heme
group atoms, and cations. Data from 20 to 5 Å resolution
were used. Rigid-body refinement at 20-3.5 Å resolution
of the correct two-molecule solution gave a correlation
coefficient of 0.446 and anR-factor of 0.452. Phases
generated from the molecular replacement solution were used
to solve heavy-atom derivatives by difference Fourier. A
Hg(CH3COO)2 and a K2PtCl6 derivative proved useful with
2 and 12 derivative sites, respectively. Statistics for the MIR
phases are summarized in Table 1. The molecular replace-
ment solution was truncated to a poly-Ala model and used
to calculate model phases to 3.5 Å, which were then
combined with MIR phases with the program SIGMAA (39).
The combined phases were extended to 2.3 Å resolution
using solvent leveling, histogram matching, 2-fold noncrys-
tallographic symmetry averaging, and partial structural
information using MAGICSQUASH (40). The resulting
phases were used to begin model fitting with the graphics
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program O (41). Phase refinement and extension with 8-fold
noncrystallographic symmetry averaging across the two
crystal forms of HRPC (22) was performed with MAGIC-
SQUASH interspersed with model building and refinement.
All refinement was carried out using X-PLOR (42) with Engh
and Huber parameters (43), standard protocols for conjugate
gradient minimization, simulated annealing, strict noncrys-
tallographic symmetry between the two molecules in the
asymmetric unit, and bulk solvent correction. The final part
of the refinement was carried out using X-PLOR version
3.851. The quality of the model is shown in Table 1. The
R-factor of the model is 0.176 including all data from 28 to
2.0 Å resolution with a bulk solvent correction but noσ
cutoff applied. The freeR-factor based on 10% of all
reflections was 0.197. A test data set was selected in shells
by DATAMAN (44) to avoid reflections in the working data
related by the noncrystallographic symmetry to test data. The
Ramachandran plot shows no residues in disallowed regions
and only one residue, T288, in the generously allowed
regions. Water molecules were included in the model based
on theFo - Fc electron density by the automated X-PLOR
procedure, with a significance level of 3σ. Only peaks
returning a well-shaped 2Fo - Fc density were retained. The
shape of a coherentFo - Fc electron density in the distal
heme crevice guided the inclusion of the substrate molecule
BHA in the model (Figure 3). The position of the solvent
molecule above the heme iron was refined in alternative
ways: including/excluding the van der Waals terms for this
molecule in the simulated annealing minimization. The
results were slightly different. Including the van der Waals
terms gave a distance between heme iron and solvent

molecule of 2.8 Å, while exclusion of the terms gave a
distance of 2.6 Å. It could be argued that van der Waals
interactions should be taken into account, considering the
resolution of the data and the distance 2.6-2.8 Å between
heme iron and the solvent molecule. However, the van der
Waals terms were omitted for the final structural model to
avoid a potential bias caused by the electrostatic field that
could override a possible weak covalent interaction between
the iron and the water molecule.

RESULTS AND DISCUSSION

Structure. Recombinant HRPC is a monomeric enzyme
with a molecular mass of 34 kDa, consisting of 309 residues
including an N-terminal Met, a heme, and 2 structural
calcium ions (33). As distinct from the wild-type enzyme
that contains eight heterogeneous N-linked glycans (45),
recombinant HRPC is nonglycosylated. ThirteenR-helices
dominate the structure: 14-28 (A), 32-44 (B), 77-90 (C),
97-111 (D), 131-137 (D′), 145-153 (E), 160-171 (F),
181-185 (F′), 199-208 (F′′), 232-238 (G), 245-252 (H),
260-267 (I) and 270-284 (J). Two short antiparallel
â-strands, 174-176 (â1) and 218-220 (â2), flank the large
plant peroxidase insert between helices F and G. The overall
fold of the molecule is identical to the previously published
structure of native HRPC (22). An N-terminal Met (Met0)
originating from the translation initiation codon required for
E. coli expression is included in the present structure. The
rmsd between native HRPC crystallized in space groupP3112
and the HRPC-BHA complex crystallized inP21 is 0.3 Å
for equivalent backbone atoms and 1.0 Å for side chains,
and no part of the structures have an rmsd for backbone

Table 1: Statistics for Crystallographic Structure Determination

HRPC-BHA BHA-HRPC-Hg(CH3COO)2 BHA-HRPC-K2PtCl6

data collection statistics
collection site Home source, image plate Home source, image plate EMBL Hamburg, image plate
wavelength (Å) 1.54 1.54 0.996
resolution range (Å) 28.6-2.0 30.0-2.5 20.0-2.3
observations 144839 83705 180404
unique reflections 46595 24189 31247
completeness (%) 98.5 99.5 76.4
Rmerge(%)a 8.5 9.8 7.3

outer resolution shell
resolution range (Å) 2.00-2.10 2.50-2.63 2.26-2.31
unique reflections 6337 3423 523
completeness (%) 92.8 97.9 25.8
I/sigma(I) 3.3
Rmerge(%)a 20.9

heavy-atom phasing
Riso (%)b 10.6 12.1
Rcullis,c acentric 0.89 0.84
phasing power,d acentric 0.83 1.05
phasing power,d centric 0.63 0.84

refinement statistics
resolution range (Å) 28.6-2.0
unique reflections 46515
R-factore 0.176
protein atoms 2386
cations 2
heme atoms 43
BHA atoms 10
water molecules 181
rmsd bond length (Å) 0.006
rmsd bond angles (deg) 1.09
meanB-factor (Å2)
protein 13.5
water 27.2

a Rmerge) ∑h∑i|Ii(h) - 〈I(h)〉|/∑h∑iIi(h). b Riso ) ∑h|FPH - FP|/∑hFP. c Rcullis ) ∑h||FPH ( FP| - FH(calc)|/∑h|FPH - FP|. d Phasing power) ∑hFH(calc)/
∑h||FPH ( FP| - FH(calc)|. e Rfactor ) ∑h|F(obs) -F(calc)|/∑hF(obs).

8056 Biochemistry, Vol. 37, No. 22, 1998 Henriksen et al.



atoms larger than 1.0 Å. After solution of the structure, we
found the F68 reoriented compared to native HRPC. As a
consequence of the reorientation of F68, the face of the
aromatic ring of this residue is almost perpendicular to the
face of the aromatic ring of BHA. However, the interaction
between these aromatic rings is between edges and is not a
favorable electrostatic interaction between the oppositely
charged edge and center of the two aromatic rings. Ad-
ditionally, F68 makes a hydrophobic stacking with a proline
residue from a symmetry-related molecule. In this interac-
tion, there is no offset in the position of the aromatic rings;
the rings stack one above the other.
Interactions between BHA and HRPC. The aromatic

donor binding region of HRPC with BHA bound is shown
in Figure 1, with a schematic representation of the patterns
of interaction between BHA and HRPC given in Figure 2.
A list of nonbonded contacts< 4 Å between the molecules
is given in Table 2. The electron density of BHA is well-
defined, as is the electron density of a solvent molecule

within hydrogen bonding distance of BHA O5. This water
is readily distinguishable from BHA (Figure 3). We interpret
the minor connectivity in theFo - Fc map between the
solvent molecule and BHA as being due to a high mosaicity
in the data. It is, however, also possible that it reflects a
small fractional occupation of an alternate binding mode with
the BHA molecule being rotated 180° about the aromatic
plane.
The hydrophilic portion of BHA makes hydrogen bonds

to the distal catalytic His, BHA O6-H42Nε2 (2.8 Å), to the
distal Arg, BHA O5-R38Nη2 (2.9 Å), to a backbone oxygen,
BHA N33-P139 O (2.7 Å), and to a solvent molecule above
the heme iron, BHA O5-water (2.6 Å) and BHA O6-water
(3.1 Å). The distance between the heme iron and the solvent
molecule is 2.6 Å (Figure 4). This is significantly shorter
than the distance between the heme iron and a corresponding
solvent molecule in the structure of native HRPC (3.2 Å)
(22). However, 2.6 Å is still considerably longer than the
2.1 Å heme Fe-F bond distance in the six-coordinate high-
spin cytochromec peroxidase (CCP)-fluoride complex (46),
and longer than what is generally considered to be a ligand
bond distance for iron. Accepting that 2.6 Å is close enough
to influence the electronic structure of the heme system, this
is in agreement with solution-based resonance Raman studies
assigning the HRPC-BHA complex as six-coordinate high-
spin with hydrogen bonds from the sixth ligand to either
distal His or Arg (27, 28).
The hydrophobic contacts between BHA and F68, G69,

A140, P141, F179, and heme C18, heme 18-methyl, and

FIGURE 1: Stereoview of the BHA binding site of HRPC. The structure of the HRPC-BHA complex is in gray. The superimposed Phe
residues of native HRPC (22) are in black. The amino acid residues depicted are the Phe residues in the BHA proximity. His42 and Arg38
are included to help orient the viewer.

FIGURE2: LIGPLOT (57) diagram of the interactions between BHA
and HRPC. Hydrogen bonds and hydrophobic contacts were
calculated with HBPLUS (58) using the default criterions. Hydro-
phobic contacts are interpreted by following the spokes protruding
from a ligand atom toward a protein residue, shown in the diagram
as an arc. Spokes radiating back toward the atom indicate a potential
interaction.

Table 2: Nonbonded Interactions between BHA and HRPC

BHA atom HRPC atom distance (Å)

C13 Gly69CR 3.8
C23 Gly69CR 3.9
C23 Ala140CR 3.9
C33 Phe68Cδ2 3.9
C33 Phe68Cε2 3.6
C33 Gly69CR 3.8
C33 Pro141Cδ 3.8
C43 Phe68Cε2 3.8
C43 Phe68Cú 3.7
C43 Gly69CR 3.8
C43 Pro141Cδ 3.8
C53 Gly69CR 3.8
C53 Phe179Cε1 3.6
C53 Phe179Cú 3.6
C53 heme C18-methyl 3.9
C63 Gly69CR 3.7
C63 heme C18 3.9
C63 heme C18-methyl 3.7
C73 His42Cε1 3.8
C73 heme C20 3.7
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heme C20 (Table 2) can explain the increase in theKD of
the HRPC F68A-BHA mutant complex from 2.4µM in the
wild type to 11µM in the mutant (47). Recent work has
shown that the hydrophobic contact with F179 has a more
significant effect, since theKD for the HRPC F179A-BHA
complex is 74µM (23). The crystal structure of the HRPC-
BHA complex does not reveal higher flexibility of F68
compared to F179, as judge by the temperature factors of
the two residues, which are of equal magnitude. However,
this might be a consequence of the crystal packing. Com-
parison of the native HRPC structure and the structure of
the HRPC-BHA complex demonstrates that F68 can rear-
range unhindered (Figure 1).
BHA as a Model for Oxidizing Substrates. Although

aromatic peracids in some ways resemble BHA, they cannot
serve as hydrogen bond donors to P139 O. The hydrogen
bond donor N33 of BHA is in peracids replaced by an
oxygen atom that can only serve as a hydrogen bond
acceptor. The distance between N33 and Pro139 O is too
short to allow such a replacement to be accommodated
without an accompanying structural rearrangement. There-

fore, peracids can be expected to bind to HRPC in an
alternative orientation, in which there is a 180° rotation
around the aromatic plane to bring theR-oxygen in close
proximity of the distal His. It is interesting to note that
Pro139 is completely conserved in the plant peroxidase
superfamily, and the position of its backbone oxygen in the
distal heme crevice is invariant in the plant peroxidase crystal
structures known. In the structures of native CCP (48),
nativeArthromyces ramosusperoxidase (ARP) (49), ARP-
CN (50), and native lignin peroxidase (51), a water molecule
is within hydrogen bonding distance of Pro139 O. This
water is part of a hydrogen bonded network of water
molecules leading to the solvent exterior, which in part maps
the substrate access channel. When BHA is bound to HRPC,
the water above the heme iron is trapped in the protein
interior. For an oxidizing substrate to be effective, water
must be allowed to leave its position above the heme iron.
Since O-O bond cleavage cannot occur in BHA, this
molecule is probably not a good model for aromatic peracid
substrates, nor is it a guide to the structure of a transient
intermediate in compound I formation. However, since BHA

FIGURE 3: Simulated anneal omitFo - Fc electron density map contoured at 4σ. The map was calculated by omitting benzhydroxamic acid
and water from the phasing model after refinement. The atoms are shaded according to type, and the water molecule is represented by a
small sphere.

FIGURE 4: (a) The active site of the HRPC-BHA complex with the hydrogen bonds represented by dotted lines and (b) a superimposition
of the active site of the HRPC-BHA complex (gray) with the active site of native HRPC (black).
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also binds toCoprinus cinereusperoxidase (alias ARP)(KD

3.7 mM) (52, 53) which lacks the protein architecture to
provide the peripheral hydrophobic contacts shown in Figure
2, BHA must be an excellent structural counterpart for the
conserved heme-linked hydrogen bonding network involving
H42, R38, and P139. The residues corresponding to H42,
R38, and P139 in HRPC are also involved in BHA binding
in the ARP-BHA complex (53).
BHA as a Reducing Substrate. A rearrangement is seen

in the active site of the HRPC-BHA complex, when
compared to the structure of native HRPC. The side chain
of F68 is reoriented withø1 rotated 143° andø2 rotated 103°.
The reorientation brings F68 into hydrophobic contact with
BHA and hinders the access of solvent molecules to the
active site (Figure 5). This is in accordance with the finding
that 90% of photodissociated CO molecules are trapped in
the distal pocket when BHA is bound to HRPC (54). It is
interesting to note that the corresponding residue in lignin
peroxidase, H82, adopts this closed orientation (51, 55). A
minor reorientation of 0.7 Å is found for F143, while the
rest of the heme crevice and substrate access channel residues
show negligible changes in position. One channel on either
side of F68 connects the distal heme crevice with the protein
exterior. Amino acid residues F68, N70-S73, Q176, R178,
and F179 are flanking the channel region on one side of F68,
while amino acid residues F68, N135-A140, and F142-
F143 are flanking the channel region at the opposite side of
F68 (Figure 5). The width of the first channel is 1.8 Å, while
the width of the second channel is 2.8 Å. Hence, solvent
accessibility to the distal heme crevice is linked to the
flexibility of the F68 side chain. It has been demonstrated
that the complex between the reducing substrate 2-naphtho-
hydroxamic acid and HRPC has aKD of 0.2µM. This is 10
times lower than theKD of the HRPC-BHA complex (26).
If we assume the same hydrogen bonds are formed between
the 2-naphthohydroxamic acid and HRPC active side residues
as in the HRPC-BHA complex, this substrate cannot fit into
the aromatic binding pocket, as it is defined in the HRPC-
BHA crystal structure (Figure 5). However, a rotation of
F68 will allow the 2-naphthohydroxamic acid to extend into
the outer region of the channel region toward F142 and F143
(Figure 5).
The crystal structure of HRPC-BHA, the crystal structure

of native HRPC, the strong binding of 2-naphthohydroxamic
acid, and the wide range of reported reducing substrates for
HRPC lead us to conclude that although a well-defined

aromatic binding pocket is found in the HRPC-BHA
complex, the outer part of the binding pocket is flexible and
will accommodate a wide range of substrates more bulky
than BHA. Indeed, this is consistent with considerable NMR
evidence for such a model [(21) and references cited therein].
Superposition of HRPC-BHA and ARP-CN (50) com-

plexes suggests that the shortest distance between BHA and
a ferryl oxygen will be 3.0 Å. However, if the CN complex
resembles the structure of a putative transient intermediate,
then the 1.3 Å movement of the distal Arg toward the ferryl
oxygen observed in CCP compound I must be taken into
account (4), as this movement will diminish the substrate
accessibility to the oxyferryl center and dictate a change in
the binding mode for BHA to compound I.
Implications for the Interactions between BHA and the

HRPC-CN Complex.Many NMR studies of interactions
between reducing substrate and peroxidases have been
conducted on the HRPC-CN complex. The HRPC-CN
complex is thought to resemble a putative intermediate
preceding the formation of compound I, since HCN binds
to HRPC with co-protonation of the distal His and the bound
anion being a diatomic molecule. The actual position of the
cyanide in the X-ray structure of the ARP-CN complex (50)
and the 200-fold higherKD of BHA for the ternary HRPC-
BHA-CN complex compared with that of the binary
HRPC-BHA complex (26) suggest a competition between
BHA and cyanide for H-bonding interactions in the HRPC-
BHA-CN ternary complex. Superimposition of the struc-
tures of ARP-CN and HRPC-BHA gives an interatomic
distance of 2.2 Å between cyanide N and BHA carbonyl
O5. However, this separation is too short for hydrogen
bonding interactions. Furthermore, the hydrogen bond
between H42Nε2 and BHA hydroxyl O6 must be absent in
the ternary complex, as the distal His is protonated in the
complex (56). To compensate for the changes in the active
site of the CN complex, BHA must bind in a different
orientation in the ternary complex. It may be translated
toward the periphery of the substrate access channel and
possibly adjusted to bring BHA O6 within hydrogen bonding
distance of P139 O. This reorientation extends the aromatic
portion of BHA to the outer channel region (Figure 5) and
decreases the distance between the aromatic portion of BHA
and the heme 17-propionate, an interaction observed in NMR
studies of the HRPC-BHA-CN complex (31). This
reorientation would not necessarily require a reorientation
of F68, and the distal heme crevice would still be inaccessible

FIGURE 5: Substrate cavity of HRPC-BHA formed by the protein’s van der Waals radii. The cavity leads toward the protein exterior with
a narrow channel to the right-hand side of F68 and a wider channel to the left of F68. None of the channels are solvent-accessible. A trace
of the protein with side chain residues in hydrophobic contact with BHA (dark gray) and F142-F143 (light gray) is included.
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to solvent. The flexibility of F68 observable on the NMR
time scale could allow BHA to be bound to HRPC in two
alternative modes: an open solvent accessible and a closed
solvent inaccessible orientation. These suggestions can
explain the two binding modes observed by NMR for the
ternary CN complex (30), and the change in the equilibrium
between the two binding modes observed in the site-directed
mutants F68A and F142A (21, 47).
Conclusions. The crystal structure of the HRPC-BHA

complex shows that BHA is an atypical reducing substrate
with a unique hydrogen bonding potential for the active site
residues of the distal heme pocket. Most other reducing
substrates do not possess the potential to make these unique
interactions and will therefore depend more on the hydro-
phobic interactions which characterize the peripheral region
of the substrate channel of HRPC in particular (22). This
peripheral hydrophobic patch presumably functions as a
binding site or trap for reducing aromatic substrates near
heme C18-methyl, without allowing direct access to the ferryl
oxygen.
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