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The x-ray crystal structure of human myeloperoxi-
dase has been extended to 1.8 A resolution, using x-ray
data recorded at —180 °C (r = 0.197, free r = 0.239).
Results confirm that the heme is covalently attached to
the protein via two ester linkages between the carboxyl
groups of Glu?*? and Asp®* and modified methyl groups
on pyrrole rings A and C of the heme as well as a sulfo-
nium ion linkage between the sulfur atom of Met?4® and
the B-carbon of the vinyl group on pyrrole ring A. In the
native enzyme a bound chloride ion has been identified
at the amino terminus of the helix containing the prox-
imal His?36, Determination of the x-ray crystal structure
of a myeloperoxidase-bromide complex (r = 0.243, free
r = 0.296) has shown that this chloride ion can be re-
placed by bromide. Bromide is also seen to bind, at par-
tial occupancy, in the distal heme cavity, in close prox-
imity to the distal His®?, where it replaces the water
molecule hydrogen bonded to GIn®!. The bromide-bind-
ing site in the distal cavity appears to be the halide-
binding site responsible for shifts in the Soret band of
the absorption spectrum of myeloperoxidase. It is pro-
posed that halide binding to this site inhibits the en-
zyme by effectively competing with H,0, for access to
the distal histidine, whereas in compound I, the same
site may be the halide substrate-binding site.

Myeloperoxidase (MPO, EC 1.11.1.7)! is a heme-containing
enzyme found in mammalian neutrophils, where it catalyzes
the hydrogen peroxide mediated peroxidation of halide ions (1,
2) and the pseudohalide thiocyanate (3, 4), according to the
following reaction.

H,0, + C1” + H;0" = HOCI + 2H,0

REeAcTION 1

Products of these reactions and their secondary metabolites are
responsible for killing phagocytized bacteria and viruses (5, 6).
MPO is one member of a gene family of mammalian peroxi-
dases that also includes eosinophil peroxidase, lactoperoxidase
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(LPO), thyroid peroxidase, and prostaglandin H synthase
(7-9).

The mature enzyme is a 140-kDa dimer of identical halves,
each consisting of two polypeptide chains of 108 and 466 amino
acids resulting from post-translational excision of 6 amino ac-
ids from a single polypeptide precursor (10, 11). Each half
molecule contains a covalently bound heme that exhibits un-
usual spectral properties. The Soret band at 428 nm in the
ferric enzyme is considerably red-shifted compared with other
heme proteins, and relatively strong absorption bands in the
visible region are responsible for the characteristic green color
of the enzyme (12). Selective cleavage of a single disulfide
bridge linking the two halves of MPO yields the hemi-enzyme
that exhibits spectral and catalytic properties indistinguish-
able from those of the intact enzyme (13).

The overall protein fold of MPO was first revealed by a 3-A
resolution crystal structure of the canine enzyme (14). Appar-
ently identical halves of the dimeric molecule are related by a
noncrystallographic dyad axis and covalently linked by a single
disulfide bridge at Cys'®3. The secondary structure is largely
a-helical, with very little B-sheet. Each half molecule consists
of a central core of five helices and a covalently attached heme.
Four of these helices derive from the large polypeptide and the
fifth from the small. The remainder of the large polypeptide
folds into four separate domains and a single open loop that
surround the central core. The small polypeptide wraps around
the surface of the molecule with only its carboxyl-terminal
helix penetrating the interior to form part of the central core. A
very similar protein fold has been found for the catalytic do-
main of the membrane-bound enzyme prostaglandin H syn-
thase, which shares 22% sequence identity with MPO (15).
Structure determination has confirmed the presence of a calci-
um-binding site and three sites of asparagine-linked glycosy-
lation (Asn'®®, Asn?25, and Asn®'7) as well as the identities of
the proximal His®3¢ and distal His®®. However, the relatively
low resolution (3 A) did not allow full characterization of the
covalent linkages between the heme and the protein. Details of
these interactions and full characterization of the heme were
later established by a 2.3-A resolution crystal structure of the
human enzyme (16). The heme was identified as a derivative of
protoporphyrin IX in which the methyl groups on pyrrole rings
A and C had been modified to allow formation of ester linkages
with Glu®*? and Asp®, respectively. A third covalent link was
identified as a sulfonium ion linkage between the sulfur atom
of Met?*? and the terminal B-carbon of the vinyl group on
pyrrole ring A. Presence of the latter has been confirmed by
mass spectrometric analysis of the heme released by autolytic
cleavage and protease digestion (17).

The reaction between heme-peroxidases and hydrogen per-
oxide results in the formation of compound I, in which two
oxidizing equivalents are stored as an oxyferryl Fe IV w-cation
radical (18). In the case of MPO, this oxidized form of the
enzyme is capable of either two-electron peroxidation of halide

This paper is available on line at http://www.jbc.org
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TABLE I
Data collection and refinement statistics

Native MPO MPO-bromide

Total Outer shell Total Outer shell
Resolution (A) 50.0-1.75 1.81-1.75 50.0-1.75 1.81-1.75
No. of measurements 525,526 340,410
Unique reflections 128,125 117,117
Ilo 12.6 5.9 14.8 6.2
% completion 99.8 99.4 92.0 83.6
R-merge . 0.053 0.220 0.060 0.194
Refinement res. (A) 30.0-1.8 1.86-1.80 30.0-1.8 1.86-1.80
R-factor 0.197 0.266 0.239 0.293
R free 0.239 0.292 0.294 0.312

ions and thiocyanate or single-electron oxidation of a wide
variety of aromatic alcohols and amines. The mechanism by
which MPO catalyzes halide peroxidation is complex, because
both H,0, and halide are also inhibitors. Halide inhibition is
competitive with respect to H,O,, and at any given pH there is
an optimal ratio of the concentrations of halide: H,O,, consist-
ent with maximal reaction velocity (19-22). The reaction of
H,0, with MPO to form compound I is pH-dependent. A group
on the enzyme with a pK of 4.0 to 4.3, presumed to be the distal
histidine, must be deprotonated for H,O, binding to occur;
whereas conversely, halide binding is favored at low pH when
this group is protonated (23, 24). Spectral changes accompany
the binding of halides to MPO. Fluoride, chloride, bromide, and
iodide induce red-shifts of the Soret maximum from 428 nm to
435, 434, 432, and 423 nm, respectively, and measurements of
these spectral changes have been used to determine the pH
dependence of halide binding to the enzyme (19, 23). However,
these studies have arrived at differing conclusions concerning
the number of halide-binding sites on the enzyme and whether
there are separate sites for halide binding as a substrate and as
an inhibitor.

In this paper we present additional detailed information on
the active site region of MPO as revealed by a structure deter-
mination of the human enzyme to 1.8 A resolution, using x-ray
diffraction data recorded at —180 °C. In addition, structure
determination of an MPO-bromide complex has revealed a
number of halide-binding sites, and their possible relevance to
the catalytic mechanism of the enzyme is discussed.

EXPERIMENTAL PROCEDURES

Crystallization—Crystals of human MPO isoform C were grown by a
method similar to those reported previously (25, 26). Hanging droplets
containing 20 mg/ml MPO, 50 mM sodium acetate (pH 5.5), 50 mm
ammonium sulfate, 2 mm calcium chloride, and 6% (w/v) PEG 8k were
equilibrated with reservoirs containing the same concentrations of the
above salts but with 22 to 25% w/v PEG 8k at 65 °F. Crystals were
transferred to protein-free substitute mother liquor containing the
above salts and 16% w/v PEG 8k for crystallographic experiments. For
low temperature data collection, 20% (w/v) 2-methyl 2,4-pentanediol
was included as cryoprotectant.

Data Collection and Processing—X-ray diffraction data were re-
corded using a 30-cm MAR image plate detector (MAR Research, Ham-
burg, Germany) mounted on a Rigaku RU300 x-ray generator equipped
with long focusing mirrors (Area Detector Systems Corp., Poway, CA).
A native low temperature (—180 °C) diffraction data set to 1.8 A reso-
lution was recorded from a single crystal, flash-frozen in a stream of
cold nitrogen from a crystal cooling device (Area Detector Systems
Corp.). The crystal to detector distance was set at 115 mm, and 231
frames of data were recorded at 1° rotation intervals. Image processing
and data scaling were performed with DENZO and SCALEPACK (27).
The crystals belong to space group P2, with a single dimeric molecule of
MPO as the asymmetric unit. Unit cell parameters from the frozen
crystal were: @ = 110.0 A b=6344A ¢c=922A, B = 97.4°, compared
with values of @ = 111.7 A, b = 64.6 A, ¢ = 94.2 A, B = 97.9° at room
temperature (16), indicating significant shrinkage of the unit cell at
cryogenic temperature. Data collection and scaling statistics are given
in Table I.

Structure Determination and Refinement—The starting model for

refinement was the 2.3 A resolution structure of human MPO repre-
sented in the Rutgers University Protein Data Bank under access code
1MHL (16). This model consists of 9424 nonhydrogen protein atoms and
423 water molecules. The crystallographic R-factor was 15.0% for
55,500 reflections (93% completion) in the resolution range 6.0 to 2.28
A, with root mean square deviations from ideality for bond lengths and
angles of 0.013 A and 3.01°. Refinement using the 1.8 A resolution low
temperature data set was carried out using X-PLOR version 3.8 (28)
and stereochemical parameters derived from Engh and Huber (29).
Cycles of simulated annealing, conjugate-gradient energy minimiza-
tion, and isotropic temperature factor refinement were performed be-
tween stages of model rebuilding using 2F, — F, and F, — F, maps in
conjunction with the molecular modeling program TURBO (Bio-Graph-
ics Inc., Marseille, France). The highest resolution of x-ray data in-
cluded in the refinement was increased stepwise from 2.25 A to 2.0,
1.85, and 1.8 A. A subset comprising 5% of the reflections was not used
in refinement to allow for calculation of a free R-factor (30). Additional
water molecules were included in the model when observed as spherical
peaks at a level of at least 4 ¢ in Fo-Fc difference maps, provided that
suitable hydrogen bonding partners were already present in the model.
Water molecules that failed to reappear at 2 o in 2F, — F_, maps
following a round of refinement were removed from the model. Because
of an ambiguity in the hydrogen bonding pattern for water molecules in
the distal heme cavity in the 2.3 A resolution structure of human MPO,
all water molecules in the distal cavity were specifically excluded from
the model until the late stages of refinement when their positions could
be clearly determined from F, — F, difference maps. Also, toward the
end of refinement, solute ions, including acetate and sulfate were added
to the model where indicated by additional difference map density and
the presence of suitable protein ligands. Noncrystallographic symmetry
restraints were not used during refinement, but a bulk solvent model
was included in the final stages and resulted in considerable improve-
ment in the R-factor for data in the lowest resolution shell. The quality
of the model was assessed using the program PROCHECK (31). Coor-
dinates for the final model have been deposited with the Rutgers Uni-
versity Protein Data Bank, access code 1CXP.

Bromide-substituted Crystals—A crystal of human MPO was trans-
ferred to substitute mother liquor consisting of 16% PEG 8k, 50 mM
sodium acetate (pH 5.5), 50 mM ammonium sulfate, 2 mM calcium
acetate, and 20 mM sodium bromide. Following equilibration for 48 h.
the crystal was washed briefly in the same mother liquor with 20% (v/v)
2-methyl 2,4-pentanediol added as cryoprotectant before flash freezing
in a stream of nitrogen at —180 °C. X-ray diffraction data were recorded
as described for the native enzyme and scaling statistics are given in
Table I. The positions of bound bromide ions were determined from a
difference Fourier map using F, ypobromiaer — Fe aipo, @s coefficients.
Subsequently, bromide ions were included in the model, and refinement
of the structure was carried out using X-PLOR version 3.8 as described
above. Coordinates for the refined model of the MPO-bromide complex
have been deposited with the Rutgers University Protein Data Bank
under access code 1D2V.

RESULTS

Quality of the Refined Native MPO Model—The final model
consists of 10,307 nonhydrogen atoms, including 1140 amino
acids, 2 hemes, 16 sugars, 2 calcium ions, 2 chloride ions, 4
sulfates, 6 acetates, and 838 water molecules. The crystallo-
graphic R-factor for reflections in the 30 to 1.8 A range is
19.7%, and the corresponding free R-factor is 23.9%. The root
mean square deviations from ideality for bond lengths and
angles are 0.013 A and 1.23°. A Ramachandran plot for the
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whole molecule shows 88.8% of residues in the most favored
regions and 11% in additionally allowed regions. Ser*? in both
halves of the molecule has ¢,y angles in the generously allowed
region, and no residues fall in disallowed regions. Although the
o, angles for Ser?? lie outside of the additionally allowed
region, the orientation of this residue appears to be influenced
by hydrogen bonding between the NH and CO groups of both of
its adjacent peptide bonds with amino acid side chains. There
are three cis-prolines at positions 124, 355, and 558 and a
cis-peptide bond between Asn®*° and Asn®°° in each half of the
molecule. Stereochemical parameters for both the main chain
and side chains were determined to be within, or better than,
the ranges given for other protein structures determined at
comparable resolution according to the program PROCHECK
(31).

Because the two halves of the MPO molecule (designated A
and B) have different environments in the crystal, there are
some differences in the conformations of equivalent side chains
on the surface of the molecule. In general, the A half of the
molecule is involved in more extensive intermolecular contacts
in the crystal, and for this reason is a little better ordered than
the B half. This is reflected in the lower average B-factor for
protein atoms in the A half (11.1 A%) compared with the B half
(13.1 A®). The amino acid numbering system used here is based
on designating the first Cys in the small polypeptide as residue
1 (14). In the sequence of human MPO, deduced from the
¢DNA, there are 2 residues (Val and Thr) prior to Cys! (32, 33),
but these are not evident in the electron density map.

The backbone density is very well defined for all four
polypeptide chains, except for two surface loops involving res-
idues 217-218 and 354—356 in both halves of the molecule. The
amino terminus of the small polypeptide (residues 2-6) is
poorly ordered in the A half but well ordered in the B half
where the side chains of Glu® and Gln* are involved in hydro-
gen bonding with residues in a symmetry-related molecule.
Conversely, the carboxyl terminus of the large polypeptide
(residues 576-578) is poorly ordered in the B half but well
defined in the A half where the terminal carboxyl group is
hydrogen bonded to the amide nitrogen of GIn’® in a neighbor-
ing molecule. A number of side chains on the surface of the
molecule (15 in the A half and 23 in the B) exhibit some degree
of disorder, although in many cases this is limited to truncated
density for the termini of the longer side chains of arginine and
lysine.

Structural Features of MPO—The overall polypeptide fold for
human MPO (Fig. 1) is the same as reported previously for the
dog enzyme (14) and described briefly in the introduction.
However, the higher resolution of the current electron density
map has allowed more detailed characterization of a number of
structural features. The calcium-binding site has typical pen-
tagonal bipyramidal coordination. The Oy of Ser'’* and the
peptide carbonyl oxygen of Phel”® provide the axial ligands,
whereas the other five ligands (Asp®® carboxyl oxygen and
peptide carbonyl oxygen, Thr'® hydroxyl and peptide carbonyl
oxygens, and Asp!”? carboxyl oxygen) are arranged approxi-
mately co-planar. Five of these ligands arise from residues
within the 168—-174 loop of the large polypeptide, whereas the
other two involve Asp?®, which is adjacent to the distal His% in
the small polypeptide. The orientations of all of the sugars
comprising the Asn317 glycosylation site have been determined.
The carbohydrate chain consists of the standard (GlcNac),-
(Man); structure with a fucose 1-6 linked to the first GlcNac.
Interactions between these sugar chains in the two halves of
the molecule make up much of the dimer interface in MPO.
Details of the carbohydrate conformation and its interactions
with the protein will be presented elsewhere.

Human Myeloperoxidase Structure

Fic. 1. Entire MPO dimer, viewed along the molecular dyad
axis. The large polypeptides of the two halves are colored red and blue,
whereas the small polypeptides are in lighter shades of the same colors.
Other color coded features include: hemes (green), carbohydrate (or-
ange), calcium (purple), and chloride (yellow). At the center of the
molecule the disulfide linking the two halves is shown in black.

Heme Structure and Interactions with the Protein—The
heme group is a derivative of protoporphyrin IX in which the
methyl groups on pyrrole rings A and C have been modified to
allow formation of ester linkages with the carboxyl groups of
Glu?*? and Asp®, respectively. In addition the B-carbon of the
vinyl group on pyrrole ring A forms a covalent bond with the
sulfur atom of Met?*3, giving rise to a sulfonium ion linkage
(Fig. 2). The resulting positive charge on the sulfur atom does
not appear to be involved in any additional electrostatic inter-
actions with the protein. The heme porphyrin ring is consider-
ably distorted from planarity. Although pyrrole rings B and D
are nearly co-planar, ring A and, to a lesser degree, ring C are
tilted toward the distal side, resulting in a bow-shaped struc-
ture for the heme. Because of these distortions to the porphyrin
ring, it is impractical to define the position of the central iron
atom with respect to a “heme plane” as is commonly reported
for heme-containing proteins. However, the iron is positioned
slightly to the proximal side, 0.2 A below a line connecting the
nitrogen atoms of pyrrole rings B and D. The N, of His®¢
provides the proximal ligand to the iron, with an iron to nitro-
gen distance of 2.19 A, whereas the N, of this residue is hydro-
gen bonded to the amide carbonyl oxygen of Asn*2!.

The carboxyl groups of both of the heme propionates also
make electrostatic interactions with the protein. The ring D
propionate interacts with the guanidinium groups of both
Arg®33 and Arg*?%, and also forms a hydrogen bond with a
water molecule. The ring C propionate interacts with both
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Fic. 2. Stereo view of a 2F, — F,
omit map calculated using phases
from a model from which the side
chains of Glu?*2 and Met2*3, as well as
the pyrrole ring A methyl carbon and
both of the vinyl carbons were re-
moved from the model prior to a cy-
cle of simulated annealing refine-
ment. The map, contoured at 1.4 o, shows
electron density for the sulfonium ion
linkage between the sulfur atom of Met?4?
and the B carbon of the pyrrole ring A
vinyl group as well as the ester linkage
between Glu?*? and the methyl carbon.

L
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TABLE II
Heme-protein interactions
Distance
Heme group Residue Bond type
A B
A
A methyl C Glu?*2 0, covalent 1.55 1.55
A vinyl CB Met?4® S covalent 1.63 1.62
C methyl C Asp® O, covalent 1.54 1.55
C propionate O1 Thr'® O, H-bond 2.91 2.92
C propionate O1 Asp® O, H-bond 2.68 2.67
C propionate 02 Thr'®® NH H-bond 2.81 2.76
C propionate 02 Wat®46 OH H-bond 2.58 2.81
D propionate O1 Arg*** NH,, H-bond 2.94 2.94
D propionate O1 Wat™® OH H-bond 2.63 2.70
D propionate 02 Arg33® NH, H-bond 2.84 2.73
D propionate O2 Arg*** N, H-bond 2.86 2.85
Fe* His®*¢ N, ligand 2.19 2.19
Fe3* Wat! OH ligand 2.90 3.00

Asp®® and Thr!®. One of the propionate oxygens forms hydro-
gen bonds with the Thr!% peptide NH and additionally with a
water molecule, whereas the other hydrogen bonds with the
carboxyl group of Asp®®. Distances for these interactions and
the heme-protein covalent bonds are given in Table II.

Distal Heme Cavity—Access to the distal cavity occurs via a
narrow oval-shaped opening with a predominantly hydropho-
bic surface above pyrrole ring D. The pyrrole ring forms the
base of the opening, whereas the upper surface consists of the
B, v, and & carbons of Arg®®® and phenylalanines 99, 366, and
407 make contributions to the lateral surfaces of the opening. A
funnel-shaped channel filled with water molecules leads from
this narrow opening to the surface of the protein. The distal
heme cavity is occupied by the side chains of GIn®!, His%®, and
Arg?®® together with five water molecules (W1-W5). Each of
these three side chains is hydrogen bonded to a different water
molecule, whereas a fourth water molecule is hydrogen bonded
to the heme pyrrole ring C propionate. Additional hydrogen
bonding occurs between these water molecules as indicated in
Fig. 3. A fifth water molecule (W5) is hydrogen bonded to W2
and possibly also weakly to W3. The distal His®® is hydrogen
bonded to W1, which is positioned approximately mid-way be-
tween its N_ and the heme iron. Its distance from both the
histidine nitrogen and the iron (2.9 A) suggests that it is hy-
drogen bonded to the histidine and is not strongly coordinated
to the heme iron. The amide nitrogen of GIn®!, at the back of
the distal cavity, is hydrogen bonded to W2 as well as to the
carbonyl oxygen of the ester bond between Glu?*? and the heme
pyrrole ring A methyl carbon. The amide oxygen of GIn®! is in
turn hydrogen bonded to the amide nitrogen of GIn®8. The

guanidinium group of Arg?*® is hydrogen bonded to W3 but
additionally forms a salt bridge with the carboxyl group of
Asp?37 as well as a hydrogen bond with the peptide carbonyl
oxygen of Asp®8.

As shown in Fig. 4, a chain of hydrogen bonds involving 5
buried water molecules and the side chain of His?*° extends
from the distal histidine to the surface of the molecule, at a
point remote from the solvent channel leading to the distal
cavity. The N; of the distal His®® is hydrogen bonded to a buried
water molecule, which is separated from the distal cavity water
molecules by the imidazole ring. This water is also hydrogen
bonded to N, of His?**°, thereby forming a bridge between the
two histidines. The N of His?*° is hydrogen bonded to a second
water molecule, which is the first in a chain of four buried
water molecules, linked by hydrogen bonds, and leading to the
surface of the protein. Each of the five buried water molecules
is additionally hydrogen bonded to an oxygen acceptor. The
first is a carboxyl oxygen of Asp?®”’, whereas the other four are
all peptide carbonyl oxygens.

Characterization of a Halide-binding Site—Toward the end
of refinement, the most significant feature seen in F, — F,
residual maps was additional positive density (11 o) at a mod-
eled water molecule hydrogen bonded to the peptide NH groups
of Trp®2 and Val?®” in both halves of the molecule. Because
Val?37 is close to the amino terminus of an o-helix (residues
326-338), a bound anion in this location could interact with the
partial positive charge associated with the helix dipole. Of the
anions present in the mother liquor of crystallization (50 mm
acetate, 50 mM sulfate, 2 mm chloride) chloride best modeled
the observed compact spherical density. When chloride was
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FiG. 3. Stereo view of the hydrogen
bonding pattern for the five water
molecules (W1-W5) inside the distal
cavity. Superimposed is the F, — F bro-
mide difference map contoured at +4 o,
showing additional density at W2 corre-
sponding to partial substitution by bro-
mide. Small negative and larger positive
features indicate a slight shift in the iron
position.

included in the model at full occupancy and a round of X-PLOR
refinement was carried out, residual maps showed no signifi-
cant positive or negative density at this putative chloride site.

The chloride-binding site (Fig. 5) is composed of residues
324-327 at the amino terminus of the helix containing the
proximal His?% residues 30—33 of the small polypeptide, and
Trp*3¢. These two stretches of polypeptide are in a parallel
orientation and held together by two backbone hydrogen bonds.
The chloride has three ligands: Trp3? NH, Val®*?” NH, and
water in an almost planar trigonal arrangement. The water
molecule is additionally hydrogen bonded to the peptide car-
bonyl oxygen of Leu®? and the guanidinium group NH of Arg 3!.
There are two tryptophans in the immediate vicinity of the
chloride ion. Trp*3® makes the closest approach with its indole
ring CH,, at a distance of 3.6 A from the ion, whereas Trp®? is
directed away from the ion with its C, 4.8 A from the chloride.

Structure of an MPO-bromide Complex—To further charac-
terize the binding properties of this site, an experiment was
carried out to determine whether a second halide, bromide,
could replace the putative chloride. As described above, x-ray
diffraction data were recorded from a crystal soaked in 20 mm
bromide at pH 5.5. A difference Fourier map, calculated using
F, mpPobromidze) — Feupo) coefficients revealed four separate
bromide ions bound to each half of the molecule. The largest
features of the map at 19.1 and 20.3 o in the two halves of the
molecule occur at the putative chloride-binding site (Fig. 5).
Refinement indicated full occupancy by bromide at this site and
residual maps showed no positive or negative features greater
than 3 o in this region. Superposition of the refined MPO-
bromide model on that of the native revealed no significant
protein conformational changes.

Two additional bromide ions were located at surface sites in
each half of the molecule. Difference map peaks at 9.3 o (A half)
and 8.1 o (B half) occur at water molecule 758, and peaks at 6.2
o (A half) and 7.6 o (B half) occur at water molecule 889. When
these water molecules were replaced by bromide in the model,
their occupancies refined to 0.60 and 0.54, respectively. Both of
these ions are located well away from the heme group at dis-
tances of 29 and 26 A from the heme iron. At the 889 position,
the peptide NH groups of GIn2°! and Phe?!® together with a
water molecule coordinate the bromide ion, whereas at 758, the
peptide NH group of Thr®** and the guanidinium group of
Arg®®2 are involved in bromide ligation.

Although there is no indication of bromide binding to the
heme iron, difference map peaks of 5.2 o (A half) and 5.9 o (B
half) occur in the distal heme cavity at the position of water

Human Myeloperoxidase Structure
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FiG. 4. Diagram showing the five buried water molecules and
His?®° that form a chain of hydrogen bonds extending from the
N; of the distal His?® to the surface of the molecule.

molecule W2, which is hydrogen bonded to the amide nitrogen
of GIn®! (Fig. 3). Bromide ions included in the model at this
position refined to an occupancy of 0.44 in each half of the
molecule. Superposition of the refined MPO-bromide and na-
tive models indicated small shifts of the side chains of the distal
His% and the heme ester linked Glu®*? upon bromide binding.
The side chain of Glu?*2, which is only 3.5 A away from W2 in
the native enzyme, moves about 0.3 A away from the bromide,
and the His®® N, also moves about 0.2 A away from the bound
ion. Such movements are on the order of the expected level of
error in the coordinates (0.2 A, as determined from a Luzatti
plot) and may not be significant. More significant movements of
water molecules W1 and W5 by 0.35 and 0.45 A away from the
bromide were also seen.

The distal cavity bromide is located 0.3 A from the position
occupied by W2 in the native enzyme. Possible electrostatic
interactions occur between the bromide and water molecules
W1 and W5; the N, of His?® and the amide nitrogen of GIn®!
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Fic. 5. Stereo view of the proximal
helix chloride-binding site in the na-
tive MPO model. Residues 324-327 at
the carboxyl terminus of the proximal he-
lix are linked to residues 30-33 via two
main chain hydrogen bonds. Superim-
posed is the F, — F_ bromide difference
map contoured at 5 and 15 o, showing
additional density corresponding to re-
placement of chloride by bromide.

TaBLE IIT
Halide interactions
Distance
From To
A B
A

Native structure: proximal helix chloride
Val®27 Cl™ 3.23 3.25
NH
Trp3? Cl™ 3.22 3.21
NH
Wat652 Cl™ 3.07 3.17
OH

Bromide complex: proximal helix bromide
Val?27 Br~ 3.36 3.50
NH
Trp2 Br- 3.29 3.28
NH
Wat652 Br~ 3.32 3.30
OH

Bromide complex: distal cavity bromide
His” Br~ 3.55 3.50
N,
GIn®! Br~ 3.56 3.35
N,
w1 Br- 3.12 3.20
OH
W5 Br~ 2.73 2.91
OH
Heme Br- 5.04 4.99
Fe.’i+
Heme Br~ 3.80 3.77
CHA

(Table III). The closest heme atom to the bromide is the meth-
ylene bridge carbon between pyrrole rings A and D, at a dis-
tance of 3.8 A, and the heme iron is at a distance of 5.0 A. There
does not appear to be any significant interaction between the
bromide and the guanidinium group of the distal Arg?*°. The C,
of this residue makes the closest approach to the bromide at a
distance of 3.95 A and as indicated above, Arg??® is already
involved in an ion pair interaction with Asp237.

DISCUSSION

The mode of heme binding revealed by our studies may be
unique to MPO. Although other members of this gene family all
contain the conserved Asp®* and Glu?*?, they lack methionine
at position 243 (14). It is therefore likely that other mammalian
peroxidases such as eosinophil peroxidase, LPO, and thyroid
peroxidase also have heme-protein ester linkages analogous to
those of MPO, but that the sulfonium ion linkage is a feature
unique to MPO. It has been proposed by Kooter et al. (34, 35)
that the sulfonium ion linkage should involve a bond between
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W436

w436

the Met sulfur atom and the a-carbon of the vinyl group, by
analogy with the chemistry involved in the formation of
thioether groups in cytochrome c. However, such a linkage is
inconsistent with the high resolution crystal structure, which
clearly shows (Fig. 2) that the link involves the vinyl B-carbon.
Recently, it has been found that the formation of two ester
bonds between the heme and polypeptide chain of LPO is a
hydrogen peroxide-dependent autocatalytic process involving
conversion of unmodified protoporphyrin IX to hydroxymethyl
and di-hydroxymethyl intermediates presumably capable of
ester bond formation with residues analogous to Asp® and
Glu®*? of MPO (36). Difference Fourier transform infrared
spectroscopic studies have confirmed the presence of two heme
ester linkages in both LPO and MPO and have also indicated
their presence in eosinophil peroxidase (37).

The Soret bands of the visible absorption spectra of mamma-
lian peroxidases are characteristically red-shifted with respect
to those seen in other heme proteins, and these spectral shifts
have generally been ascribed to the influence of the protein
environment on the spectral properties of the heme (12). In this
regard it is noteworthy that a Met®*® — Gln mutant of recom-
binant human MPO exhibits a Soret band at 410—412 nm,
considerably blue-shifted from the 428-nm band of the native
enzyme in its oxidized form (35, 37, 38). Similarly, a Glu?*? —
GIn mutant of MPO, presumably lacking one of the heme ester
bonds, exhibits a blue-shifted Soret band at 416—418 nm, and
an Asp®* — Asn mutant, presumed to lack the other ester bond,
also has a blue-shifted Soret band at 414 nm (38, 39). These
studies of mutants strongly suggest that the covalent linkages
to the heme in MPO contribute to the observed red shifts of the
Soret band in the visible absorption spectrum. There is evi-
dence to suggest that the covalent linkages to the heme are
important in maintaining the catalytic activities of mammalian
peroxidases. The catalytic activity of recombinant LPO was
shown to be dependent on the proportion of covalently bound
heme in the enzyme, while mutants of MPO, in which residues
involved in covalent heme attachment have been replaced, also
exhibit catalytic properties markedly different from those of
the native enzyme (36). Neither the Met?*®> — GIn nor the
Glu?*? — GIn mutant MPO was capable of catalyzing the
peroxidation of chloride ion, and both mutants had reduced
catalytic activities when substrates for the single electron oxi-
dation reaction were used (35, 37, 39).

In both cytochrome ¢ peroxidase and lignin peroxidase the N
of the distal histidine is hydrogen bonded to the amide carbonyl
of Asn, and it has been proposed that this arrangement favors
the imidazole tautomer in which the N_ is free to accept a
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proton from the peroxide substrate (40). In MPO the N of His®®
is hydrogen bonded to a buried water molecule, which is linked
by His??° to a succession of four additional buried water mol-
ecules forming a chain of hydrogen bonds leading to the surface
of the molecule. Such a chain could presumably also function to
conduct protons away from the distal histidine and thereby
ensure that the N_is free to accept a proton from peroxide.

Assignment of a bound chloride ion to account for the high
electron density at the amino terminus of the proximal helix in
the native enzyme is strongly supported by results showing
that this site can also be occupied by bromide. However, we
propose that the reported spectral changes that accompany
halide binding to MPO result from halide binding to the site
that we observe in the distal cavity. A number of factors sup-
port this hypothesis. First, the close proximity of this site to the
heme is consistent with the potential for a bound anion to
influence the electron distribution in the porphyrin ring,
thereby inducing spectral changes. Second, the halide location,
3.5 to 3.6 A from the distal His N, is consistent with data
indicating that halide binding is strongly influenced by the
ionization state of a group on the enzyme with a pK of 4 to 4.5,
which has been suggested to be the distal histidine (23, 24). At
low pH, halide binding would be favored by charge-charge
interaction between the protonated histidine and the halide
anion. Third, the occupancy of halide binding in the distal
cavity is consistent with the reported K,; values for both chlo-
ride and bromide binding to MPO (21). At pH 5.5, the K, for
chloride is on the order of 5 mm, whereas for bromide it is 20
mM. We have found that crystals of MPO soaked in 20 mMm
bromide at pH 5.5 contain bromide ion at 44% apparent occu-
pancy at this site (note that the real occupancy must be less,
because molecules that do not contain bromide presumably
have water in this location). However, in the native enzyme
structure, for which the mother liquor chloride concentration of
2 mM at pH 5.5 is less than half the reported K, of 5 mwm,
chloride ion was not detected in the distal cavity. By the same
reasoning, our data indicating that the proximal helix-binding
site is fully occupied by both chloride in the native structure
and by bromide in the complex, at the halide concentrations
used, are inconsistent with its assignment as the site respon-
sible for halide-induced spectral changes.

We propose that in resting MPO the distal cavity bromide-
binding site corresponds to the site for inhibition of MPO by
halides. Halide inhibition is competitive with respect to H,O,
(19-22), and the distal cavity bromide-binding site is only
3.5-3.6 A from the N, of the distal histidine; sufficiently close to
interfere with or even be mutually exclusive with H,O, bind-
ing. Evidence from salicylhydroxamic acid binding to MPO (26)
has suggested that the first step in compound I formation
involves the formation of a hydrogen bond between H,0O, and
the unprotonated N, of the distal histidine, prior to transfer of
a proton to the histidine. The presence of a halide ion, in place
of water molecule W2 in the distal cavity could interfere with
the ability of the distal histidine to form a hydrogen bond with
and/or accept a proton from H,0,.

Although several studies have concluded that there are sep-
arate sites on MPO for halide binding as substrate and as
inhibitor (2, 3, 21, 22), others have concluded that there is only
a single site (19, 23). Because of their remote locations from the
heme, the two surface bromide-binding sites are unlikely to be
involved in either inhibitor or substrate binding. Consideration
can, however, be given to both the proximal helix site and the
distal cavity site. A mechanism involving peroxidation at the
proximal helix halide-binding site could involve a tryptophan
free radical analogous to the Trp'®! free radical associated with
compound I of cytochrome ¢ peroxidase, which is also located on
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the proximal side of the heme (41, 42). Although the MPO
proximal helix halide-binding site includes two adjacent Trp
residues, there have been no reports of signals indicative of
amino acid free radicals in the EPR spectrum of MPO com-
pound I. A fundamental difference between a catalytic mecha-
nism involving halide substrate binding in the distal heme
cavity as opposed to a remote site is the origin of the oxygen
atom in the hypohalous acid product of the reaction. In the
distal cavity, the ferryl oxygen of compound I, derived from
H,0, is the presumed source, whereas at a remote site a water
molecule would be the most likely source. To our knowledge,
the origin of this oxygen atom in the HOCI product of MPO
catalyzed chloride peroxidation has not been established. At
this time, a functional role for this site in the catalytic mech-
anism of MPO cannot be completely discounted, although a
structural role such as stabilization of the proximal helix
through charge-charge interaction with the positive helix di-
pole appears more likely.

Catalysis of halide peroxidation by MPO does not necessitate
a halide substrate-binding site on the resting enzyme, because
it is only necessary for halides to interact with compound I for
peroxidation to occur. In this regard, it has previously been
suggested that the cyanide complex of MPO may be a useful
model for compound I, and one study has concluded that halide
ions bind close to the heme in cyanide inhibited MPO (43). In
compound I of MPO the distal cavity bromide-binding site
should still be accessible to halides and could therefore also be
the site at which halides bind as substrates. Model building,
based on a ferryl oxygen to iron distance of 1.7 A, indicates that
a halide ion bound at this site would be about 3.6 A from the
heme ferryl oxygen and 3.8 A from the heme methylene bridge
carbon between pyrrole rings A and D, thereby readily facili-
tating electron transfer to the heme and incorporation of the
ferryl oxygen into the hypohalous acid product of the reaction.
In such a mechanism the distal histidine would play a dual role
in catalysis; first in accepting a proton from hydrogen peroxide
prior to scission of the O-O bond and second in suitably posi-
tioning the halide substrate for electron transfer to the heme of
compound I and subsequent reaction with the ferryl oxygen.
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