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The binding and structural studies of bovine lactoperoxidase
with three aromatic ligands, acetylsalicylic acid (ASA), salicyl-
hydoxamic acid (SHA), and benzylhydroxamic acid (BHA) show
that all the three compounds bind to lactoperoxidase at the sub-
strate binding site on the distal heme side. The binding of ASA
occurs without perturbing the position of conserved heme water
molecule W-1, whereas both SHA and BHA displace it by the
hydroxyl group of their hydroxamic acid moieties. The acetyl
group carbonyl oxygen atom of ASA forms a hydrogen bond
with W-1, which in turn makes three other hydrogen-bonds, one
each with heme iron, His-109 N2, and GIn-105 N2, In contrast,
in the complexes of SHA and BHA, the OH group of hydroxamic
acid moiety in both complexes interacts with heme iron directly
with Fe-OH distances of 3.0 and 3.2A respectively. The OH is
also hydrogen bonded to His-109 N> and Gln-105N*% The
plane of benzene ring of ASA is inclined at 70.7° from the plane
of heme moiety, whereas the aromatic planes of SHA and BHA
are nearly parallel to the heme plane with inclinations of 15.7
and 6.2°, respectively. The mode of ASA binding provides the
information about the mechanism of action of aromatic sub-
strates, whereas the binding characteristics of SHA and BHA
indicate the mode of inhibitor binding.

Lactoperoxidase (LPO)* (EC 1.11.1.7) is a member of the
family of glycosylated mammalian heme-containing peroxidase
enzymes which also includes myeloperoxidase (MPO), eosino-
phil peroxidase (EPO), and thyroid peroxidase. These enzymes
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also show functional similarities to non-homologous plant and
fungal peroxidases because they follow a similar scheme of
reaction (1-3), but their modes of ligand binding differ consid-
erably. Furthermore, the association of the prosthetic heme
group in mammalian peroxidases is through covalent bonds
(4-9), whereas covalent linkages are absent in other peroxi-
dases (10-14). Among the four mammalian peroxidases, the
prosthetic heme group is linked through three covalent bonds
in MPO, whereas in LPO, EPO, and thyroid peroxidase only
two covalent linkages are formed. So far the detailed crystal
structures of only two mammalian peroxidases, MPO and LPO,
are known (15-20). One of the most striking differences be-
tween these two mammalian peroxidases is concerned with the
basic structural organization in which MPO exists as a
covalently linked dimer, whereas LPO is a monomeric protein.
At present the fundamental questions pertaining to mamma-
lian heme peroxidases are (i) what distinguishes between the
aromatic ligands that one ligand acts as a substrate, whereas the
other ligand works as an inhibitor and (ii) how the substrate and
inhibitor specificities differ between two enzymes lactoperoxi-
dase and myeloperoxidase.

Lactoperoxidase oxidizes inorganic ions, preferentially thio-
cyanate (SCN ™), and to a lesser extent, bromide (Br ™), whereas
in the case of myeloperoxidase the chloride (Cl™) ion is a pre-
ferred substrate (21, 22). The mammalian peroxidases includ-
ing LPO are also involved in catalyzing the single electron oxi-
dation of various physiologically important organic aromatic
substrates including phenols (23, 24), catecholamines, and cat-
echols (25-27) as well as other experimental model compounds
such as aromatic amines (28), polychlorinated biphenyls (29),
steroid hormones (30-32), and polycyclic aromatic hydrocar-
bons (33). However, the mode of binding of aromatic ligands
and associated functional implications are not yet clearly
understood. Surprisingly, the structural data on the complexes
of mammalian peroxidases with aromatic ligands are conspic-
uously lacking. The only available structural report is on the
complex of MPO with salicylhydroxamic acid (SHA) (34). Even
in this case, the coordinates of this structure are not available
for a detailed analysis. In the case of non-homologous plant
peroxidases, a few crystal structures of their complexes with
aromatic compounds are available (35-38), but their modes of
binding are not very similar to those of mammalian peroxidases
because the distal ligand binding sites in mammalian and plant
peroxidases differ markedly. In this regard it is pertinent to note
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Crystal Structures of Lactoperoxidase Complexes with Aromatic Ligands

that the substrate binding site in peroxidases, in general, is
observed at the 6-heme edge of the heme moiety on the distal
side; in plant peroxidases an additional ligand binding site has
also been observed at y-heme edge (39—41). Unlike those in
mammalian peroxidases where the heme moiety is buried
deeply in the protein core, in plant peroxidases it is located
close to the surface of the protein. Therefore, to characterize
the mode of binding of the aromatic substrates and aromatic
inhibitors and also for defining the subsites in the substrate
binding site, we have determined the crystal structures of three
complexes of bovine lactoperoxidase with aromatic ligands,
acetylsalicylic acid (ASA), SHA, and benzylhydroxamic acid
(BHA). Acetylsalicylic acid can be oxidized by lactoperoxidase
to ASA free radical (42), whereas both salicylhydroxamic acid
and benzylhydroxamic acid act as potent inhibitors of mamma-
lian peroxidases (43—47). The determination of binding char-
acteristics of these compounds having different actions has
helped in establishing the relationship between the modes of
binding and their potential actions as the substrates and inhib-
itors. To the best of our knowledge, this is the first structural
report on the modes of binding of three aromatic ligands, ASA,
SHA, and BHA, to LPO as well as the first structural study of the
complexes of any mammalian peroxidase with ASA and BHA.
These studies have shown that ASA, SHA, and BHA bind to
LPO at the substrate binding site on the distal side. The SHA
and BHA directly interact with the heme iron, whereas ASA
interacts through the heme water molecule, which in turn is
hydrogen-bonded to the heme iron. These studies have pro-
vided a greater insight into the mechanisms of substrate and
inhibitor binding in the two mammalian peroxidases.

EXPERIMENTAL PROCEDURES

Purification of the Protein and Measurement of Its Activity
and Inhibition—Fresh bovine mammary gland secretions were
collected from Indian Veterinary Research Institute, Izatnagar,
India. The protein was isolated and purified using the proce-
dures reported earlier (18). The purified samples were lyophi-
lized. To find out the effects of binding of ASA, SHA, and BHA
to LPO in the crystals, the activity tests were carried out using
various protein samples. The activity of the protein samples
before crystallization was estimated by dissolving lyophilized
protein samples in 0.1 M phosphate buffer, pH 6.0, using the
procedure described earlier by Kumar et al. (48). 3.0 ml of 1 mm
2,2'-azino-bis(3-ethylbenzthiazoline-sulfonic acid (ABTS) in
phosphate buffer (0.1 M, pH 6.0) was mixed with 0.1 ml of 0.5
mg/ml protein solution containing 0.1% gelatin to initialize the
spectrophotometer Lambda 25 (PerkinElmer Life Sciences). 0.1
ml of 3.2 mm hydrogen peroxide was added to the above solu-
tion. The absorbance was measured at 412 nm as a function of
the oxidized product of ABTS. The protein samples were also
obtained from the crystals of LPO complexes with ASA, SHA,
and BHA. These crystal samples were also used for activity
measurements under identical conditions. In the crystal sam-
ples the protein and ligand concentrations were assumed to be
at 1:1 molar ratio.

Co-crystallizations of LPO with ASA, SHA, and BHA—The
freshly purified and lyophilized samples of protein were dis-
solved in 0.01 M phosphate buffer to a concentration of 25
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mg/ml. Theligands (ASA, SHA, and BHA) were dissolved in the
above buffer containing 30% (v/v) methanol. Both solutions
were mixed in equal volume, giving protein to ligand molar
ratios of ~1:10. A reservoir solution containing 0.2 M ammo-
nium iodide and 20% (w/v) PEG-3350 was prepared. 6 ul of
protein-ligand solution was mixed with 6 ul of reservoir solu-
tion to prepare 12 ul of drops for the hanging drop vapor diffu-
sion method. This experiment was repeated for all the three
set-ups of crystallization for LPO with ASA, SHA, and BHA.
The rectangular dark brown-colored crystals measuring up to
0.4 X 0.3 X 0.2 mm® were obtained after 5 days.

Detection of ASA, SHA, and BHA in Crystals—To confirm the
presence of ASA, SHA, and BHA in the crystals of LPO com-
plexes, the crystals of three complexes were used for the iden-
tifications of ASA, SHA, and BHA. Initially, the crystals were
washed with distilled water and then dissolved separately in the
buffer containing 50 mm Tris-HCI, pH 8.0. These crystal solu-
tions were ultrafiltered in the same buffer containing 1 m NaCl
using a membrane with a cutoff of 1 kDa.

The presence of ASA in the filtrate was observed by adding
Fe" ions. When treated with basic solution the acetylsalicylic
acid hydrolyzes quickly to salicylic acid. The salicylate ions
form an intensely colored complex with the ferric ion in acidic
solution, and the absorption of this complex was measured at
wavelength of 530 nm using the spectrophotometer Lambda 25
(PerkinElmer Life Sciences).

For the detection of the hydroxamic acid in the crystals of the
complexes of LPO with SHA and BHA in respective filtrates,
the color reaction with ferric chloride was employed (49). Fer-
ric-hydroxamic acid complex gives a purple color. This was
observed in both filtrates.

X-ray Intensity Data Collection—Three x-ray intensity data
sets were collected, one each for LPO complexes with ASA,
SHA, and BHA at 283 K using a 345-mm diameter MAR
Research dtb imaging plate scanner mounted on a Rigaku
RU-300 rotating anode x-ray generator operating at 100 mA
and 50 kV. The CuK, radiation was produced using Osmic Blue
confocal optics. All the three data sets were processed using
programs DENZO and SCALEPACK (50). The summary of
final data collection statistics is given in Table 1.

Structure Determination and Refinement—The structures of
the three complexes of LPO with ASA (LPO-ASA), SHA (LPO-
SHA), and BHA (LPO-BHA) were refined using the model of
native structure of bovine lactoperoxidase (Protein Data Bank
code 3GC1). Initially, the coordinates were subjected to 25
cycles of rigid body refinement with REFMAC (51) from the
CCP4i, Version 6.1 program package (52). After the first round
of refinement, the R, and Ry, factors reduced approxi-
mately to values of 0.30 and 0.40, respectively (5% of the reflec-
tions were used for the calculations of Rg,,.; these reflections
were not included in the refinement). The initial maps showed
good electron densities for the heme groups in all the three
structures. The coordinates of heme groups were included in
the further rounds of refinement that were carried out with
intermittent manual model building of the protein using 2 F, —
F, Fourier and F, — F, difference Fourier maps with graphics
programs O (53) and Coot (54) on a Silicon Graphics O2 Work
station. At the end of these steps of refinements, the R, and

VOLUME 284 NUMBER 30+JULY 24, 2009



Crystal Structures of Lactoperoxidase Complexes with Aromatic Ligands

TABLE 1

Data collection and refinement statistics for the three complexes of LPO with ASA, SHA, and BHA
The values in the parentheses correspond to the values in the highest resolution shell. NAG, N-acetylglucosamine.

LPO-ASA LPO-SHA LPO-BHA
Parameters
Space group P2, P2, P2,
Unit cell dimensions
a(A) 54.6 54.6 54.5
b(A) 80.5 80.5 80.1
c(A) 77.9 77.8 68.6
B() 102.6 102.6 94.0
V., (A%/Da) 2.4 2.4 2.2
Solvent content (%) 48 48 45
Resolution range (A) 51.8-2.5 51.8-2.3 51.8-2.9
Highest resolution shell 2.59-2.5 2.40-2.3 3.00-2.9
Total number of measured reflections 159,343 155,826 136,457
Number of unique reflections 22,651 27,454 12,029
Completeness of data (%) 98.9 (95.1) 98.5(95.2) 91.5 (94.6)
R, (%) 14.3 (39.2) 13.5 (43.2) 15.3 (48.9)
I/a(l) 5.3 (1.7) 6.2 (1.4) 5.1(1.4)
Reﬁnement
Repyec (%) 20.1 18.9 19.9
Ripee (%) 22.2 20.6 22.4
Protein atoms 4,774 4,774 4,774
Hem group (1) atoms 43 43 43
Ligand (1) atoms 13 11 10
Thiocyanate molecules 1 1 1
Todide ions 8 8 8
Calcium ion 1 1 1
NAG residues (8) (N-linked) 112 112 112
MAN residues (2) (N-linked) 22 22 22
Water oxygen atoms 315 351 164
r.m.s.d. in bond lengths (A) 0.01 0.01 0.01
r.m.s.d. in bond angles (°) 2.1 1.6 1.9
r.m.s.d. in torsion angles (°) 24.6 24.3 24.3
Mean B-factor for main-chain atoms 34.3 344 34.6
Mean B-factor for side-chain atoms and waters 36.8 37.4 36.6
Mean B-factor for all atoms 35.7 36.0 35.7
Ramachandran plot
Residues in the most allowed regions (%) 86.7 89.3 85.5
Residues in the additionally allowed regions (%) 11.9 9.6 13.3
Residues in the generously allowed regions (%) 14 1.2 1.2
Protein Data Bank codes 3GCL 3GCJ 3GCK

His 351

-

Gln 423

@{%‘ > =00
I %Gln 105
Arg 255 is 109

(B)

F.) electron density. A few residues in the proximity are

Arg 255

(A)

FIGURE 1.A, results showing ASA fitted into 1.5 o (F, —

alsoindicated. The W-1 corresponds to W-618in 3GCL. B, SHA fitted into 1.5 o ( F, —
fitted into 1.5 o (F, — F.) electron density. The heme moiety, distal GIn-105, and His-109 are also shown.

Figures were drawn using Pymol (55).

R, factors converged to approximate values of 0.25 and 0.30,
respectively. The difference Fourier F, — F, maps calculated at
this stage revealed interpretable electron densities for glycan
chains at four sites with two N-acetylglucosamine (NAG) residues
and one mannose (MAN) at Asn-95, two NAG residues at Asn-
205, two NAG and one MAN residues at Asn-241, and two NAG
residues at Asn-332. The additional non-protein electron densities
were also observed at the distal heme cavity into which the mole-
cules of ASA, SHA, and BHA were modeled unambiguously (Fig.
1, A, B, and C). The electron density for one calcium ion was also
observed in all the three structures. These maps also revealed addi-
tional electron densities for eight iodide ions in the structures. The
coordinates of all these were included in the subsequent rounds of
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refinements. The difference F, — F,
Fourier maps at the final stages of
refinement also indicated additional
electron densities for the phosphoryl-
ation of Ser-198 in all the three struc-
tures. The positions of 315 water oxy-
gen atoms in LPO-ASA, 351 water
oxygen atoms in LPO-SHA, and 164
water oxygen atoms in LPO-BHA
were determined using the usual cri-
teria of correctness. The refinements
finally converged with R (Rgec)
values of 0.201 (0.222), 0.189 (0.206),
and 0.199 (0.224) for LPO-ASA, LPO-SHA, and LPO-BHA,
respectively. The final refinement statistics are included in Table 1.
The refined atomic coordinates and structure factors for LPO-
ASA, LPO-SHA, and LPO-BHA have been deposited in the Pro-
tein Data Bank with accession codes 3GCL, 3GC]J, and 3GCK,
respectively.

RESULTS

Activity/Inhibition of LPO—The activity curves obtained for
the four samples, protein before crystallization (i) and protein
in complex with ASA (if), SHA (iii), and BHA (iv), are shown in
Fig. 2. The activity of LPO was estimated using these curves in
the form of units of activity/ml, where 1 unit of activity is

Arg 255

F.) electron density. C, SHA
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FIGURE 2. Activity of lactoperoxidase in the native protein (i), in the
presence of ASA (ii), in the presence of SHA (iii), and in the presence of
BHA (iv) using ABTS as substrate. The protein ligand molar ratios were
1:1.

(i)

FIGURE 3. A, the overall foldmg of the protein shown as a schematic, where a-helices are indicated as cylinders
(red) and numbered. H2a is a unique a-helix (yellow) present only in LPO but absent in MPO. The two anti-
parallel B-strands are drawn as arrows (blue). For sake of clarity, only ASA (magenta) is shown in the substrate
binding site. Heme iron (Fe) is shown in black, whereas conserved heme water molecule (W-7) is indicated in
red. The heme moiety is not shown to avoid crowding. Some of the residues, His-109, Phe-113, Phe-380,
GIn-423, and Pro-424, of the substrate binding site are shown in ball and stick representation. An arrow indicates
the entrance to the substrate binding site. B, close-up view of ligands bound at the distal site ASA (i), SHA (ii),
and BHA (iii). The heme iron atom is indicated in green. The ligands are represented as ball and stick models.
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defined as that amount of enzyme catalyzing the oxidation of 1
pum of ABTS min~" at 293 K (molar absorption coefficient
32400 M ' cm ™ '). It may be mentioned here that the inhibition
of the activity of lactoperoxidase can be caused either by phys-
ically blocking the substrate binding site or by preventing inter-
action of heme iron with the substrate. The protein sample
before crystallization showed the peroxidase activity of 6.0
units/ml. The corresponding values for the ASA, SHA, and
BHA complexes were estimated to be as 4.5, 0.8, and 1.1 units/
ml, respectively. These values indicate that the peroxidase
activity was significantly inhibited with SHA and BHA, but with
ASA asignificant activity was still observed. The fact that all the
three ligands were detected in the crystals suggested one mode
of binding for ASA and a different mode of binding for SHA and
BHA. The structures of the LPO complexes have shown that
SHA and BHA bind to heme iron directly. Whereas ASA is
locked at the position away from the heme iron. The oxida-
tion of ABTS in the presence of ASA and failure to get oxi-
dized in the presence of SHA and BHA confirms that SHA
and BHA block the binding of
H,O, to heme iron, whereas ASA
does not block it.

Overall Structures—The overall
folding of the protein is shown in
Fig. 3A. The r.m.s. shifts for the C*
atoms of LPO-ASA, LPO-SHA, and
LPO-BHA when superimposed on
the native structure of LPO (3GC1)
were found to be 0.7, 0.7, and 0.8 A,
respectively. When the side chains
of residues, GIn-105, His-109, Phe-
113, Arg-255, Glu-258, Phe-380,
Phe-381, Phe-422, GIn-423, and
Pro-424 of the substrate binding site
were superimposed, it showed r.m.s.
shifts of 0.6, 0.5, and 0.5 A, respec-
tively, indicating that the structure
of the substrate binding site is not
disturbed upon the binding of these
ligands. The dimensions of the sub-
strate binding site on the distal
heme side are ~14 X 10 X 8 A. In all
the three structures, the aromatic
organic ligands have been observed
on the distal heme side. As seen
from Fig. 3B (iii), ASA is located at a
position that is farther away from
the heme iron than the positions of
SHA and BHA. The distances of the
farthest/nearest ligand atoms from
the heme iron for ASA, SHA, and
BHA are 10.4/4.6, 8.1/3.0, and 8.8/
3.3 A, respectively. The orientation
of ASA in the substrate binding site
is also considerably different from
those of SHA and BHA as the plane
of the aromatic ring of ASA is
rotated by 70.7° with respect to the

(iii)
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His 351

Gln 105

His 109
Phe 381

FIGURE 4. Binding of ASA at the distal heme cavity of LPO. The water mol-
ecules W-1 and W-3' correspond to W-618 and W-829, respectively, in Protein
Data Bank code 3GCL. The assignment of five subsites has also been shown.

plane of heme moiety, whereas those of SHA and BHA are
rotated at 15.7 and 6.2°, respectively.

Structure of LPO-Acetylsalicylic Acid—In the native struc-
ture of LPO (3GC1) six water molecules, W-1, W-2', W-3’,
W-4', W-5', and W-6" were observed in the substrate binding
site on the distal side. As seen from Fig. 4, ASA binds to LPO at
the distal cavity by replacing four conserved water molecules,
W-2', W-4', W-5', and W-6'. The remaining two conserved
water molecules, W-1 and W-3’, and another two water mole-
cules, W-794 and W-832, are part of an extensive hydrogen-
bonded network between LPO and ASA. The structure shows
that both porphyrin and pyrrole rings of the heme moiety are
planar. The aromatic ring of ASA is also planar, and its plane is
inclined at an angle of 70.7° with respect to the plane of the
heme porphyrin ring. The heme iron is displaced toward the
proximal site by 0.1 A. The conserved water molecule W-1
representing the position of H,O, is located at a distance of 2.5
A from the heme iron. It also forms two other hydrogen bonds
with His-109 N at a distance of 2.6 A and GIn-105 N at a
distance of 3.2 A. The acetyl group carboxyl oxygen atom O4 of
ASA is also hydrogen-bonded to W-1 at a distance of 3.1 A. The
second oxygen atom of acetyl group O3 is hydrogen-bonded to
a water molecule W-794 that is hydrogen-bonded to another
water molecule, W-832, which in turn is hydrogen-bonded
to the propionic carboxylic oxygen atom of pyrrole ring C.
The carboxylic group oxygen atoms O1H and O2 are hydro-
gen-bonded to Phe-422 O and GIn-423 N at distances of
3.4 and 2.5 A, respectively (Fig. 4). The latter two interac-
tions are unique in the LPO-ASA complex because of the
presence of carboxylic group in ASA, whereas such interac-
tions are not possible in SHA and BHA because a similar
moiety does not exist in SHA and BHA to interact with Phe-
422 O and GlIn-423 N2, Similarly, such interactions are not
possible in MPO as well because the loop Arg-405-Leu-415
in MPO corresponding to the loop Lys-420 —Phe-431 of LPO
adopts a very different conformation in which the side chain
of Phe-407, unlike that of GIn-423 in LPO, protrudes into the
substrate binding site. In addition the placement of the aro-
matic ring of ASA in the hydrophobic pocket formed by
residues Phe-113, Arg-255, Glu-258, Phe-380, Phe-381, and
Pro-424 is well adjusted, resulting in a large number of
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hydrophobic interactions (Table 2). The interactions be-
tween the residues of the substrate binding site and the
ligand can be presented in a better way by dividing the sub-
strate binding site into five subsites (Fig. 4). The subsite S1 is
assigned to the front face consisting of the heme moiety
including the iron atom, subsite S2 represents one of the side
faces containing Gln-105, His-109, and the conserved water
molecule W-1, subsite S3 forms the surface on the above
having residues Phe-113 and Arg-255 (CP, C”, and C°
atoms), subsite S4 makes up the lower surface, containing
residues Glu-258 (CP and C” atoms), Phe-380, and Phe-381,
and subsite S5 forms the second side wall with residues Phe-
422, GIn-423, and Pro-424 from the characteristic loop Lys-
420 -Phe-431. The sixth face is an open entrance to the bind-
ing site from the surface of the protein (Fig. 4). The subsites
S1, S2, and S3 are largely similar in both LPO and MPO. The
subsite S4 differs slightly, whereas subsite S5 is formed very
differently (20), producing markedly different substrate
specificities in the two enzymes. Subsite S5 represents the
loop Lys-420 —Phe-431, and because S5 is critical in the sub-
strate recognition, the loop Lys-420-Phe-431 is termed as
substrate specific loop. The corresponding substrate specific
loop in MPO is Arg-405-Leu-415.

Structure of LPO-Salicylhydroxamic Acid— As seen from Fig.
5, SHA binds to LPO in the substrate binding site on the
distal side. The reported binding constant for SHA to LPO is
7 X 107° M (44). As observed from Table 2, it interacts with
four subsites, S1, S2, S3, and S4. Because SHA lacks a moiety
corresponding to carboxylic group of ASA, it is unable to
interact with residues GIn-423 N> and Phe-422 O of subsite
S5, although it is fitted well in the substrate binding site. In
this complex the heme porphyrin moiety and four pyrrole
rings are planar. The planar aromatic ring of SHA is inclined
at 15.7° from the plane of the porphyrin ring. The corre-
sponding angle is reported to be 20° in the MPO-SHA com-
plex (34), whereas the aromatic ring of ASA is tilted at 70.7°
in the LPO-ASA complex. As a result of the binding of SHA
to LPO, four water molecules, W-1, W-2', W-4', and W-5,
are replaced by the ligand. The position of conserved heme
water molecule W-1 is occupied by hydroxyl group of
hydroxamic acid moiety, which makes a direct contact with
the heme iron. Because SHA has moved deeper into the
hydrophilic center, a notable void is observed in the proxim-
ity of loop Lys-420 —Phe-431 where an additional water mol-
ecule W-6' is observed which is hydrogen-bonded to both
Phe-422 O and GlIn-423 N<* of subsite S5. In this case the
heme iron is displaced from the porphyrin plane toward the
proximal site by 0.2 A. The OH group of the hydroxamic acid
moiety is hydrogen-bonded to heme iron at a distance of 3.0
A. The OH group is also hydrogen-bonded to His-109 N<*
and GIn-105 N<* with distances of 2.5 and 3.2 A, respectively.
It forms yet another hydrogen bond with a water molecule,
W-3'. The benzene ring of SHA is located in the proximity of
hydrophobic pocket and forms a relatively less number of
interactions when compared with those of ASA (Table 2).

Structure of LPO-Benzylhydroxamic Acid—BHA is also
observed in the substrate binding site on the distal side (Fig.
6). The binding constant reported for the binding of BHA to
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TABLE 2

Hydrogen-bonded interactions and van der Waals contact distances (<4.0 A) between ASA/SHA/BHA and atoms of the substrate binding site

on the distal side

The numbering of W-1is W-618 in the PDB file (3GCL), and W-3" in the LPO-ASA is W-829 (3GCL), W-3" in LPO-SHA is W-646 (3GC]J),and W-3' in LPO-BHA is W-772
(3GCK). NA, CAD, and CMD represent the nitrogen atom of heme pyrrole ring A, the a-carbon atom of heme pyrrole ring D, and the methyl carbon atom of heme pyrrole

ring D, respectively.

Interactions/Subsites LPO/HOH atoms  ASA/HOH atoms Distance = SHA/HOH atoms Distance BHA/HOH atoms  Distance
A A A
Hydrogen bonds
Subsite-S1 Heme-iron W-1 2.5 OHS8 3.0 OH8 3.3
Heme-NA OH8 3.4
Heme O2C Ww-3' 2.7 Ww-3' 2.9
Heme-ND OH8 32 OH8 32
NH8 3.0
w-3' OH6 2.8 o7 3.4
Subsite-S2 Gln-105 N<* W-1 3.2 OH8 32 OH8 3.4
o7 3.3
His-109 N<* W-1 2.6 OH8 2.5 OHS8 2.5
W-1 04 3.1
Subsite-S5 Phe-422 O O1 3.4
GIn-423 N< 0, 25
van der Waals contacts <4.0 A
Subsite S1 Heme CAD C1 3.6 C1 3.9
C2 3.7
Heme CMD C7 3.4 C5 3.9 C5 3.8
(@9 39 Co6 3.8
Heme C1D C8 39 C1 3.8 C7 3.5
C7 3.7
Heme C2D C8 3.7 C1 3.4 Co6 3.8
Co6 3.7 C7 3.5
C7 39
Heme C3D C8 3.6 C1 3.7 (&9 3.7
(&9 3.5 C7 3.5
C7 3.6
Heme C4D C8 3.7 (@9 3.8 C7 3.7
C9 3.6 C7 3.3
Heme CHA C7 3.7
Subsite S2 His-109 C<* C9 39
Subsite S3 Arg-255 CP C1 3.2
C6 39
Arg-255 C” C1 3.0 C1 3.8 C7 39
C2 3.8 C7 3.8
C6 35
C8 39
Arg-255 c? C8 3.8 C1 3.4 C7 3.6
Cc6 3.7
Subsite S4 Glu-258 CP C9 35 C5 39 C5 3.4
Glu-258 C¥ C9 3.5 C5 3.7
Phe-381 C¢ C5 3.8 C3 3.7
C4 3.1
C5 32
Subsite S5 Pro-424 C¥ C4 3.0 C3 3.4
C5 3.3
Pro-424 C° Ca 33 c3 34
LPO is 3 X 1072 M (44). As observed in the complex of
His 351 LPO-SHA, the conserved water molecules W-1, W-2", W-4/,

GIn 423

P

Pro 4;1

Phe 381 g }; # 5%
Arg 255 His 109

Phe 113

FIGURE 5. Binding of SHA (yellow) at the distal heme cavity of LPO. The
H-bonded interactions are shown as dotted lines. The water molecules W-3’
and W-6' correspond to W-646 and W-774, respectively, in Protein Data Bank
code 3GCJ.
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and W-5" are replaced by BHA molecule. The BHA does not
penetrate into the hydrophilic center as deep as SHA; its
benzene ring is shifted toward the substrate specific loop
Lys-420-Phe-431. As a consequence, the water molecule
W-6' observed in the complex of LPO-SHA is not present in
the proximity of Phe-422 O and Gln-423 N*. This indicates
that the position and orientation of BHA are slightly differ-
ent from those of SHA in the LPO-SHA complex. The heme
iron in this case is not shifted appreciably from the plane of
heme moiety. The planar benzene ring of BHA is almost
parallel to the plane of porphyrin ring with an inclination of
6.2". The distance between the oxygen atom of the hydroxyl
group of BHA and heme iron is 3.3 A. As observed in the
structure of LPO-SHA, it forms three more hydrogen bonds
with GIn-105 N%, His-109 N<?, and a water molecule, W-3'.
The overall numbers of interactions observed between BHA
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His 351

Phe 422

Pro 424

Phe 113

FIGURE 6. Binding of BHA (yellow) at the distal heme cavity of LPO. The
H-bonded interactions are shown as dotted lines. The water molecule W-3’
corresponds to W-772 in Protein Data Bank code 3GCK.

and LPO are less than those found between LPO and ASA
and SHA.

DISCUSSION

Peroxidases catalyze the H,O,-dependent oxidation of a
variety of aromatic electron donor molecules through the for-
mation of intermediate compounds. The structure analyses of
three complexes of LPO with ASA, SHA, and BHA indicate a
strong correlation between the binding properties of ASA,
SHA, and BHA with implications for the ligands to act either as
substrates or inhibitors. The structure of the complex of LPO
with ASA shows that ASA interacts with heme iron via the
conserved heme water molecule W-1. Similarly the complexes
of BHA with horseradish peroxidase (35) and Arthromyces
ramosus peroxidase (36) and that of SHA with A. ramosus per-
oxidase (37) also interact with heme iron via an identical water
molecule. However, the complexes of SHA with LPO (this
work), MPO (34), and ascorbate peroxidase (38) as well as the
complex of BHA with LPO (this work) show that the ligands
interact directly with the heme iron. The condition of interact-
ing with the heme iron via the heme water molecule mimics the
modes of enzyme substrate reaction, whereas a direct interac-
tion with the heme iron results in the inhibition of peroxidases.
As seen from Fig. 4, ASA forms one hydrogen bond with con-
served heme water molecule W-1, which in turn interacts with
heme iron, GIn-105 and His-109. The second oxygen atom O3
of the acetyl group is hydrogen-bonded to another conserved
water molecule W-3', which is hydrogen-bonded to the car-
boxyl oxygen atom of the propionate of pyrrole rind D. In addi-
tion to these two mild interactions from subsites S1 and S2 on
one side, it forms two other hydrogen bonds with Phe-422 O
and GIn-423 N of subsite S5 from an opposite face. It forms
more than a dozen van der Waals contacts with distances less
than 4.0 A (Table 2) primarily involving the atoms of the aro-
matic ring of ASA and residues of the hydrophobic pocket.
Therefore, the position of ASA is balanced by the forces from all
sides in the substrate binding site. On the other hand, SHA
forms at least nine hydrogen bonds with the heme moiety and
hydrophilic center through its hydroxamic acid moiety. How-
ever, it lacks a suitable moiety to interact with Phe-422 O and
GIn-423 N** as a balancing force from the opposite side. There-
fore, SHA is shifted toward the hydrophilic center, resulting in

JULY 24, 2009-VOLUME 284+NUMBER 30

the direct interactions with heme iron, Gln-105, and His-109. It
also forms a similar number of van der Waals interactions, but
unlike those in the complex of LPO-ASA, the majority of the
van der Waals interactions are observed with the atoms of the
heme moiety. In the complex of LPO-BHA, BHA forms six
hydrogen bonds with the heme moiety, Gln-105, and His-109,
which indicates a weaker interaction with hydrophilic center
when compared with that of SHA (Table 2). In this complex
also, a nearly similar number of van der Waals contact distances
are observed, but a significant number of them are provided by
hydrophobic pocket. As a result of this, BHA is shifted away
from the hydrophilic center by more than 1.0 A with respect to
SHA (Fig. 3B (ii)). Overall, it is observed that ASA interacts with
all the five subsites in the substrate binding site and does not
disturb the position of heme water molecule W-1 and is posi-
tioned favorably with respect to the active site of the enzyme,
whereas SHA and BHA interact directly with the heme iron,
block the peroxide binding site, and prevent the enzymatic
action. These binding affinities of 7 X 10~°>and 3 X 10~ > M for
SHA and BHA (44) appear to be in agreement with the struc-
tural data as indicated by the observed interactions of SHA and
BHA with lactoperoxidase.

CONCLUSIONS

The structures of three complexes of LPO with aromatic sub-
strate, ASA, and two aromatic inhibitors SHA and BHA clearly
indicate the distinctiveness in their modes of binding as a sub-
strate and as an inhibitor. The aromatic substrate molecule is
positioned so as not replace the conserved heme water mole-
cule W-1, whereas an inhibitor replaces the heme water mole-
cule W-1 and interacts directly with the heme iron. For a ligand
to function as a substrate of LPO, it ought to have a moiety with
the potential hydrogen bond acceptors and donors to interact
with W-1 of the hydrophilic center at the distal heme cavity and
another moiety such as carboxylic or hydroxyl group with a
spacer methyl group at the ortho or meta position of the aro-
matic ring so that it is able to form hydrogen bonds with Phe-
422 O and GIn-423 N>, The latter interactions are important to
induce the right orientation in the aromatic ligands with
respect to the heme moiety and hydrophilic center. In the
absence of interactions with Phe-422 O and Gln-423 N<?, the
aromatic ligands shift toward the hydrophilic center and dis-
place the conserved heme water molecule W-1, resulting in the
direct coordination with the heme iron. Consequently a hydro-
gen peroxide molecule is unable to bind at the active site of
LPO. Thus, such ligands act as potent inhibitors. Therefore,
ASA as a substrate and SHA and BHA as inhibitors are good
examples for demonstrating the modes of binding of substrate
and inhibitors to LPO. Similarly, it is important to distinguish
the binding requirements of LPO from that of MPO. The
hydrophilic centers in the two enzymes both structurally and
chemically are almost similar. The real difference in the stere-
ochemistry of the substrate binding sites in two enzymes is
caused by the differences in the conformations of the substrate-
specific loops Lys-420 —Phe-431 in LPO and Arg-405-Leu-415
in MPO. As a consequence of these conformational character-
istics the potential interacting partners in LPO are Phe-422 O
and GlIn-423 N, whereas the corresponding player in MPO is
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the side chain of Phe-407. This clearly indicates the striking
differences in the requirements of the interacting moieties in
the substrates by the two enzymes. LPO will prefer hydrogen
bond acceptors and donors, whereas MPO will recognize
hydrophobic moieties. In contrast, there are no differences in
the modes of binding of inhibitors, and both enzymes can be
inhibited by similar ligands. Thus, it can be stated that LPO and
MPO show remarkable substrate specificities, but they can eas-
ily exchange inhibitors.
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