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The crystal structure of the complex of lactoperoxidase (LPO)
with its physiological substrate thiocyanate (SCN™) has been
determined at 2.4 A resolution. It revealed that the SCN™ ion is
bound to LPO in the distal heme cavity. The observed orienta-
tion of the SCN™ ion shows that the sulfur atom is closer to the
heme iron than the nitrogen atom. The nitrogen atom of SCN™
forms a hydrogen bond with a water (Wat) molecule at position
6'. This water molecule is stabilized by two hydrogen bonds with
GIn*?3 N2 and Phe*?? oxygen. In contrast, the placement of the
SCNT™ ion in the structure of myeloperoxidase (MPO) occurs
with an opposite orientation, in which the nitrogen atom is
closer to the heme iron than the sulfur atom. The site corre-
sponding to the positions of GIn*?3, Phe*?? oxygen, and Wat® in
LPO is occupied primarily by the side chain of Phe**” in MPO
due to an entirely different conformation of the loop corre-
sponding to the segment Arg*'®—Phe**! of LPO. This arrange-
ment in MPO does not favor a similar orientation of the SCN™
ion. The orientation of the catalytic product OSCN™ as reported
in the structure of LPO-OSCN™ is similar to the orientation of
SCNT in the structure of LPO-SCN™. Similarly, in the structure
of LPO-SCN™-CN ™, in which CN~ binds at Wat’, the position
and orientation of the SCN™ ion are also identical to that
observed in the structure of LPO-SCN.

Lactoperoxidase (LPO* EC 1.11.1.7) is a Fe>" heme enzyme
that belongs to the mammalian peroxidase family (1). The fam-
ily of mammalian peroxidases comprises lactoperoxidase (2),
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eosinophil peroxidase (3), thyroid peroxidase (4), and
myeloperoxidase (MPO) (5). LPO, eosinophil peroxidase, and
MPO are responsible for antimicrobial function and innate
immune responses (6 —8), whereas thyroid peroxidase plays a
key role in thyroid hormone biosynthesis (9). These peroxi-
dases are different from plant and fungal peroxidases because
unlike plant and fungal enzymes, the prosthetic heme group in
mammalian peroxidases is covalently linked to the protein (10).
There are also several striking structural and functional differ-
ences among the mammalian peroxidases (11). The heme
group in MPO is attached to the protein via three covalent
linkages (12), whereas LPO (12, 13), eosinophil peroxidase (12),
and thyroid peroxidase (12) contain only two ester linkages.
These covalent and various non-covalent linkages contribute
differentially to the high stability of the heme core as well as for
the peculiar values of their redox potentials (2, 14). Further-
more, MPO consists of two disulfide-linked protein chains,
whereas LPO, eosinophil peroxidase, and thyroid peroxidase
are single chain proteins, although their chain lengths differ
greatly. In addition, their sequences contain several critical
amino acid differences that may also contribute to the varia-
tions in the stereochemical environments of the substrate-
binding sites. As a consequence of these differences, the mam-
malian enzymes oxidize various inorganic ions such as SCN™,
Br,Cl,and I with differing specificities and potencies. Bio-
chemical studies have shown that LPO catalyzes preferentially
the conversion of SCN™ to OSCN ™ (15, 16), whereas MPO uses
halides (17, 18) with a preference for chloride ion as the sub-
strate. The preferences of eosinophil peroxidase and thyroid
peroxidase are bromide and iodide, respectively. However, the
stereochemical basis of the reported preferences for the sub-
strates by mammalian heme peroxidases is still unclear. So far,
the structures of only two mammalian enzymes, MPO and
LPO, have been determined (12, 13). It is of considerable
importance to identify the structural parameters that are
responsible for the subtle specificities. In the present work, we
have attempted to address this question through the new crys-
tal structures of LPO complexes with SCN™ ions using goat,
bovine, and buffalo lactoperoxidases. Because the overall struc-
tures of complexes of SCN™ with LPO from all three species
were found to be identical, the structure of the complex of buf-
falo LPO with SCN™ and the ternary complex with SCN™ and
CN™ will be discussed here, and buffalo LPO will be termed
hereafter as LPO. To highlight the factors pertaining to binding
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specificity of SCN™, a comparison of the structures of
LPO-SCN™~ and MPO-SCN™ has also been made, revealing
many valuable differences pertaining to the observed orienta-
tions of the common substrate, SCN™ ion, when bound at the
substrate-binding site in the distal heme cavity of the two struc-
tures. The structures of LPO-SCN™ and MPO-SCN™ clearly
show that the bound SCN™ ions are present in the distal heme
cavity of two enzymes with opposite orientations. In the struc-
ture of LPO:SCN™, the sulfur atom is closer to the heme iron
than the nitrogen atom, whereas in that of MPO-SCN™, the
nitrogen atom is closer to the heme iron than the sulfur atom.
As aresult of this, the interactions of the SCN ™ ion in the distal
site of two proteins differ drastically. GIn**%, a conserved water
(Wat) molecule at position 6’, and a well aligned carbonyl oxy-
gen of Phe**? in the proximity of the substrate-binding site in
LPO against a protruding Phe*®” in MPO seem to play the key
roles in inducing the observed orientations of SCN™ ions in
LPO and MPO. The structure of LPO-SCN ™ has also been com-
pared with the structure of its ternary complex with SCN™ and
CN™ ions.

EXPERIMENTAL PROCEDURES

Purification of the Protein—Lactoperoxidase-catalyzed oxi-
dation of SCN ™ in milk and saliva contributes to the antimicro-
bial activity of these fluids (19). Lactoperoxidase was isolated
from milk samples collected from Murrah buffaloes (Bubalus
bubalis) available at the Indian Veterinary Research Institute
(Izatnagar, India). The fat was separated from the fresh milk by
skimming. Buffer containing 50 mm Tris-HCI, pH 8.0, and 2 mm
CacCl, was added to the skimmed milk. The cation exchanger
CM-Sephadex C-50 (7 g liter ') (GE Healthcare, Uppsala, Swe-
den) equilibrated in 50 mm Tris-HCI, pH 7.8, was added and
stirred slowly with a glass rod for ~1 h. The gel was kept over-
night undisturbed at 280 K. It was decanted on the next day.
The unbound proteins were removed by washing the gel with
an excess of 50 mm Tris-HCI, pH 8.0. The washed gel was
loaded on a CM-Sephadex C-50 column (10 X 2.5 cm) and
equilibrated with 50 mm Tris-HCI, pH 8.0. The protein samples
were eluted using a linear gradient of 0.0 —0.5 m NaCl with the
same buffer. The protein fractions eluted at 0.2 m NaCl were
pooled, desalted, and concentrated using an Amicon ultrafiltra-
tion cell. This was loaded on a Sephadex G-100 column (100 X
2 c¢cm) using 50 mMm Tris-HCI buffer, pH 8.0. This was eluted
using the same buffer at a flow rate of 6.0 ml/h. The various
protein fractions were collected and pooled separately. These
protein samples were examined on SDS-PAGE. The fractions
corresponding to an approximate molecular mass of 68 kDa
were pooled, lyophilized, and stored at —20 °C for further anal-
ysis. The N-terminal sequence of the first 20 amino acid resi-
dues was also determined using Edman degradation with Pro-
tein Sequencer PPSQ-21A (Shimadzu, Japan).

LPO Activity Measurements—The activity assay was carried
out following the procedure of Shindler and Bardsley (20) with
some modifications to suit certain requirements. 3.0 ml of 1 mm
2,2-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS) in
0.1 M phosphate buffer, pH 6.0, was mixed with 0.1 ml of sample
in 0.1 M phosphate buffer, pH 7.0, containing 0.1% gelatin to
initialize the spectrophotometer (PerkinElmer Life Sciences).
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3.0 ml of 1 mm ABTS solution was mixed with 0.1 ml of protein
sample and 0.1 ml of 3.2 mm hydrogen peroxide solution. The
absorbance was measured at 412 nm as a function of time for 2
to 3 min. The rate of change of absorbance was constant for at
least 2 min. 1 unit of activity is defined as the amount of enzyme
catalyzing the oxidation of 1 umol of ABTS min~ ' at 293 K
(molar absorption coefficient 32,400 M~ ' cm™'). The activity of
lactoperoxidase was found to be 5.3 units ml~'. The purity of
LPO was also determined by absorbance ratio A,,,/A,g, (RZ
value). The RZ value for the purified LPO was found to be 0.932.
In addition to this, two separate binding experiments were also
carried out using buffers containing 50% methanol as the first
condition and using 3 M NaCl as the second condition.

Crystallization of LPO and Its Complexes—The purified sam-
ples of LPO were dissolved in 0.01 M phosphate buffer, pH 6.0,
containing 2 mm CacCl, to a concentration of 25 mg/ml. A res-
ervoir solution consisting of 0.2 M ammonium ijodide and 20%
(w/v) polyethylene glycol 3350 was prepared. 3 ul of protein
solution was mixed with 3 ul of reservoir solution to prepare 6
wl of drops for hanging drop vapor diffusion method. The rec-
tangular dark brown-colored crystals of LPO measuring up to
0.3 X 0.3 X 0.2 mm? were obtained after 1 week. The crystals of
the complex of LPO with SCN™ were prepared by soaking the
crystals of native LPO in the mother liquor composed of 20%
(w/v) polyethylene glycol 3350, 0.01 M sodium phosphate, 2 mm
CaCl,, 50 mm NaSCN at 24 °C at pH 6.0 for 48 h. The crystals of
the complex of LPO with the SCN™ ion were soaked in the
mother liquor containing 20% (w/v) polyethylene glycol 3350,
0.01 M sodium phosphate, 2 mm CaCl,, 50 mm sodium cyanate
(NaCN) at 25 °C at pH 6.0 for 48 h.

Detection of SCN™ Ions in Crystals—To confirm the presence
of the SCN ™ ion in the soaked crystals of LPO, the crystals were
washed thoroughly with distilled water. The washed crystals
were crushed. This solution was incubated with 1 M NaCl for 1 h
and then ultrafiltered using a membrane with a molecular mass
cutoff of 1 kDa. The presence of SCN ™ ions in the filtrate was
detected by colorimetric determination of SCN™ ions in the
sample (21). To make ferric thiocyanate, the ferric nitrate rea-
gent was prepared by dissolving 1 g of ferric nitrate crystals in
10 ml of Milli-Q water, to which 10 ml of concentrated nitric
acid was added for making the final volume to 200 ml. 2 ml of
the filtrate was mixed with equal volume of the ferric nitrate
reagent. The resulting appearance of red color confirms the
presence of SCN ™ ions in the crystal filtrate.

Spectroscopic Analysis of LPO-SCN ™~ Crystal—The spectral
changes in the heme absorption at 412 nm were also recorded
spectrophotometrically (PerkinElmer Life Sciences spectro-
photometer). To determine the presence of SCN™ ions in the
crystals, three different solutions were made. Solution 1 con-
tained the dissolved protein crystals. Solution 2 was obtained
after removing the small molecular contents from solution 1
after incubating it with 1 m NaCl and ultrafiltrating it using a
membrane with a molecular mass cutoff of 1 kDa. Solution 3
was prepared by mixing purified protein and potassium thiocy-
anate. The absorption spectra were recorded on all the three
samples using a wavelength of 412 nm.

X-ray Intensity Data Collection—The x-ray intensity data
were collected at 285 K using a 345-mm diameter MAR

SN

VOLUME 284 -NUMBER 22+ MAY 29, 2009



Crystal Structures of Lactoperoxidase Complexes with Thiocyanate

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 obtained using Osmic Blue confocal
optics. The intensities were processed using programs DENZO
and SCALEPACK (22). The space group was found to be mono-
clinic P2, with approximate cell dimensions of a = 54.2, b = 80.5,
and ¢ = 77.3 A and B = 102.7°. The final data set shows an overall
completeness of 98.6% for resolution to 2.4 A. The summary of
final data collection statistics are given in Table 1.

Structure Determination and Refinement—The crystal struc-
tures of LPO-SCN™ (bovine), LPO-SCN™ (buffalo) and
LPO-SCN ‘CN~ (buffalo) were determined with molecular
replacement method using the principle of maximum likeli-
hood in PHASER (23). The native structure of LPO (Protein
Data Bank Code 2R5L) was used as the search model (13). The
rotation and translation search functions were computed using
reflections in the resolution range of 12.0-4.0 A. This yielded
clear solutions with distinct peaks in each case. The molecular
packing in the unit cell calculated using coordinates from these
solutions did not produce unfavorable short contacts. The
coordinates were transferred using PHASER (23) and were sub-
jected to 25 cycles of rigid body refinement with REFMAC (24)
from the CCP4i Version 4.2 program package (25). After the
first rounds of refinement, the R, and Ry, .. factors reduced to
the range between 0.30 and 0.33 and between 0.40 and 0.41,
respectively. (5% of the reflections were used for the calculation
of R,..; the reflections were not included in the refinement.)
The initial maps showed good electron densities for the heme
groups. The coordinates of the heme groups were included in
further rounds of refinement that were carried out with inter-
mittent manual model building of the protein using Fourier
|2F, — F,| and difference Fourier |F, — F,| maps with graphics
program O (26) and Coot (27) on a Silicon Graphics O, work-
station. In the refinement calculations, the ligand-Fe restraints
were not used. At the end of these refinements, the R, and
Ry... factors converged to ~0.248 and 0.278, respectively, for
the structures of LPO-SCN~ (bovine), LPO-SCN™ (buffalo),
and LPO-SCN-CN "~ (buffalo). The difference Fourier |F, — F,|
maps calculated at this stage revealed interpretable electron
densities for glycan chains at four sites with 2 GIcNAc residues
and 1 Man at Asn®?, 2 GIcNAc residues at Asn°®, 2 GlcNAc
residues + 1 Man residue at Asn**', and 2 GIcNAc residues at
Asn®32, The pear-shaped electron densities for SCN™ in both
complexes of LPO-SCN ™~ and an additional linear electron den-
sity in the structure of LPO-SCN :CN~ were observed in the
distal cavity (Figs. 1 and 2). An identical pear-shaped electron
density was observed in the structure of LPO-SCN™ (bovine)
(supplemental Fig. S1). The electron densities for one calcium
ion in each structure were also observed. The difference elec-
tron density maps also revealed additional electron densities for
seven iodide ions in each structure. All of these were included in
the subsequent rounds of refinements. The difference Fourier
|F, — F,|| maps at the final stages also indicated excellent addi-
tional electron densities for phosphorylation of Ser'*® in all the
three structures. The positions of 339, 398, and 274 water oxy-
gen atoms were determined in the structures of LPO:SCN™
(bovine), LPO-SCN™ (buffalo), and LPO-SCN ™ -CN"~ (buffalo),
respectively. The refinements of the three structures finally
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Phe 381

His 351

FIGURE 1. Difference Fourier [F, — F| map indicating the presence of
SCN™ ions in the complex of LPO-SCN ™. The cutoff on the /eft of the pear-
shaped electron density corresponds to 2o (blue), and on the right, it is at 9o

(red).
His 109 /‘;\,

'\

Thiocyanate

Gln 105

FIGURE 2. Difference Fourier map calculated in the structures of
LPO-SCN™-CN~ for SCN™ and CN~ ions. The electron density from the dif-
ference Fourier map with 2o cutoff on the left and 9o cutoff on the right. The
rod-like density for the CN™ ion is also observed at the distal heme side.

converged with R, and Rq,.. values of 0.182 (0.236), 0.172
(0.227), and 0.189 (0.238), respectively. The final refinement
statistics are included in Table 1. The refined atomic coordi-
nates have been deposited in the Protein Data Bank with codes
3ERI, 3ERH, and 3FAQ, respectively.

RESULTS

SCN™ Ions in Crystals—The development of color by mixing
the filtrates obtained from crystal solution with ferric nitrate
confirmed the presence of SCN™ in the crystals. Because the
LPO contains a heme group at the active center, the changes in
the absorption of heme with regards to ligand binding indicates
interactions involving the heme. The spectral studies of (i)
LPO-SCN™ crystal solution, (ii) SCN™ ion-free solution, and
(iii) protein solutions containing SCN™ were carried out. The
heme absorption at 412 nm showed identical values in the shift
as well as absorbance with the spectral curves superimposing
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TABLE 1
Crystallographic data and refinement statistics

Values in parentheses are for the highest resolution shell. PDB, Protein Data Bank; r.m.s.d., root mean square deviation.

Parameters Bovine LPO-SCN Buffalo LPO-SCN Buffalo LPO-SCN-CN
Crystallographic data
PDB code 3ERI 3ERH 3FAQ
Space group P2, . P2, . P2, .
Unit cell dimensions a =54.5,b=280.6,c=778A; a=542,b=80.5c=775A; a=544,b=180.6,c=778A;
B = 102.6° B =102.7° B =102.9°
No. of molecules in the unit cell 2 2 2
Estimated solvent content (%) 50 49 49
Resolution range (A) 70.0-2.5 70.0-2.4 70.0-2.7
Total reflections measured 103,240 101,280 82,220
Unique reflections observed 21,268 25,270 15,890
Redundancy 4.8 4.0 5.2
Completeness (%) 93 (94) 97 (98) 87 (90)
Mosaicity 0.31 0.29 0.87
Overall I/o(1) 6.0 (2.0) 6.9 (2.0) 4.5 (2.0)
Ry (%) 8.7 (35.8) 7.9 (28.7) 10.7 (45.5)
Refinement statistics
Non-H atoms in the model 5304 5378 5256
Protein 4774 4778 4778
‘Water 339 398 274
SCN™ ions 2 2 2
CN™ ion 1
Ryon (%) 18.2 17.2 18.9
Ry.. (%) 23.6 227 23.8
Mean B factors
Protein atoms (A?) . 33.9 38.0 43.1
Main chain atoms (A?) 33.3 37.3 42.9
Side chain atoms (A?) 34.5 38.9 43.4
SCN ions (A?) 26.0 23.0 37.0
CN™ ions (A?) 52.5
Water molecules (A2) 38.7 454 482
r.m.s.d in bond length (A) 0.02 0.02 0.02
r.m.s.d in bond angle 2.1° 2.0° 2.2°
r.m.s.d in torsion angle 22.1° 20.8° 22.9°
Ramachandran plot statistics
(for non-Gly/Pro residues; %)
Most favored regions 88.1 89.1 85.4
Additionally allowed regions 10.4 9.5 13.2
Generously allowed regions 1.5 1.4 1.4

well for the samples of crystal and protein solution with SCN™
ions. However, the measurements carried out on the SCN™
ion-free samples showed different values, and the absorption
curve did not superimpose on spectral curves obtained for the
sample containing SCN ™ ions. These experiments clearly indi-
cated that the SCN™ ions are present in the crystals of the LPO
enzyme.

Overall Protein Structure—The crystallographic parameters
and refinement statistics for the crystal structure of the com-
plex of lactoperoxidase with thiocyanate (LPO-SCN ™) are given
in Table 1. The structure determination clearly revealed that a
thiocyanate ion is present in the distal heme cavity with the
sulfur atom of the SCN™ ion being nearer to the heme iron
atom than its nitrogen atom. The overall structural organiza-
tion of the complex of LPO-SCN ™ is shown in Fig. 3. One of the
most remarkable features of the structure of the LPO-SCN™
complex is the placement of the SCN™ ion, which is supported
by favorable conformation of the loop Arg*'®*-Phe**'. The
structure of the corresponding loop is strikingly different in
MPO (Fig. 4). This loop constitutes one of the walls of the sub-
strate-binding site. The structure of this rigid loop is stabilized
by a salt bridge between His**® and Glu'*° from helix H,a. The
helix H,a is a unique feature of LPO. The iron atom is displaced
approximately by 0.1 A toward proximal His®**! from the plane
made by four heme nitrogen atoms. The four pyrrole rings of
the heme group are planar, whereas the heme group as a whole
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FIGURE 3. Structure of LPO-SCN™ complex. The heme group (green), the
SCN™~ ion, and Ca*" (black) are also shown. The loop Arg*'®-Phe**' is indi-
cated in red. Helix H,a is shown in purple, whereas disulfide bonds are pre-
sented in yellow.
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is slightly non-planar. The bond angles at the iron atom, 208
N1A-Fe-N1C and 208 N1B-Fe-N1D, are 165.8° and 166.2°,
respectively, indicating that heme iron atom is equally of the
lines of N1A-N1C and N1B-N1D.

Binding of SCN~—The LPO enzyme catalyzes the peroxida-
tion of thiocyanate in the presence of H,O,. In order for the
reaction to occur, the SCN™ ion must bind to LPO at the sub-

Thr 425

FIGURE 4. The conformation of the loop that forms one of the walls of the substrate binding channel and
determines the shape of the substrate-binding site in LPO (a) MPO (b). GIn*?®in LPO and Phe*®” in MPO are
particularly important for inducing the orientations of the SCN™ ion in the distal cavity.

Phe 422

Gln423

strate-binding site in the distal heme cavity with a favorable
orientation. The most important question arises here as to how
the stereochemical environment around the heme moiety in
LPO determines the preference for the SCN™ ion so as to make
ita preferred substrate. The structure determination has shown
an excellent pear-shaped electron density at the distal site, indi-
cating optimum conditions for binding. The observed density
at one end corresponds to nearly 9o,
whereas at the other end, it is equiv-
alent to the 20 cutoff (Fig. 1).
The heme environment in the
native LPO is characterized by a
unique water structure at the distal
heme cavity. The binding of differ-
ent ligands occurs by displacing
appropriate water molecules for the
ligands to act either as a substrate or
as an inhibitor. The positions of
conserved water molecules Wat?,
Wat*, Wat®, Wat*, Wat®, and
Wat® (Fig. 5a) occupy the space in
the distal site in the proximity of
heme moiety, whereas an array of
another set of conserved water mol-
ecules Wat!, Wat?>, Wat?, Wat®
Wat®, and Wat® presumably facili-
tates catalytic activity by relaying
the proton from H, O, to the surface
of the protein. Recently, compelling
experimental evidence has shown

Gln 105

His 9§
His 109 gﬂ
His 109
Phe 422 y &% SCN %« Gln 91
{f ® Gln 105 Phe 422 0SCN ¥ &0 ~
K i _-"rb-oo : ¥ GIn105 W e
¥ wzf..'. - "..:'W]_ W6' l"
Wi'e 3 oo “;3:‘
. ; Phe 407
Gln 423
Gln 423 _
His 351 His 351 =0
His 336

(b)

@

(©)

FIGURE 5. The conserved water molecules in the proximity of the heme moiety of the native enzyme, Wat', Wat?, Wat>', Wat*', Wat®', and Wat®, are illustrated
(a). The binding of thiocyanate/hypothiocyanate ions is also shown in the distal heme cavity. The orientations of the SCN ™ ion in the LPO-SCN ™ complex (b), the
OSCN™ ion in the LPO-OSCN™~ complex (c), and SCN™ ion in the MPO-SCN™ complex (d) are shown. W, water.
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that such an array of water molecules may function as a proton
transfer chain (28 —31). It is expected that ligand binding in the
distal site either displaces or deletes one or more conserved
water molecules. In the present complex, the binding of thiocy-
anate in the distal site results in the deletion of two water mol-
ecules, Wat® and Wat®', whereas Wat> and Wat® are shifted
away considerably. The observed orientation of the SCN™ ion
in the distal site shows that the sulfur atom is placed toward the
heme iron at a distance of 3.2 A from Wat! and 4.2 A from
His'% N, whereas the nitrogen atom is located away from
Wat" and forms a hydrogen bond with GIn*** N** through a
conserved, well stabilized water molecule, Wat® (Fig. 5b). In
addition to interactions with Gln**> N** and the nitrogen atom
of SCN™, Wat® is also hydrogen-bonded to Phe**? oxygen. In
another recent structure of the lactoperoxidase complex with
its product OSCN™~ (LPO-OSCN ), the orientation of the
OSCN™ ion was also found similar to that of the SCN™ ion, as
observed in the present LPO-SCN™~ complex where the sulfur
atom is closer to heme iron than the nitrogen atom (Fig. 5¢)
(32). A similar orientation of the SCN™ ion has also been
reported in the structure of octaheme tetrathionate reductase
(33). An identical arrangement for the SCN™ ion in the distal
cavity was also observed in the structure of the complex of
LPO-SCN™ (bovine) (supplemental Fig. S2). The superimposi-
tion of distal heme cavities of LPO-SCN™ (buffalo) and
LPO-SCN~ (bovine) shows a root mean square shift of 0.05 A
for 124 atoms (supplemental Fig. S3). These results are in strik-
ing contrast to the observation made in the MPO:SCN™ com-
plex where the nitrogen atom was reported to be closer to the
heme iron, whereas the sulfur atom was placed farther away
(Fig. 5d). It also should be mentioned that NMR relaxation
methods (34 —36) indicate that in the LPO-SCN "~ complex, the
nitrogen atom is closer to the heme iron than the carbon. How-
ever, the reported distances in the two studies were unusually
different for drawing a definite conclusion. It is also noteworthy
here that the plane of the SCN™ ion is almost parallel to the
heme plane in the LPO-SCN™~ complex with a 9.5° angle
between the plane of the heme and the SCN ™ ion. It is pertinent
to note that the substrate-binding pocket in the distal heme
cavity is surrounded by the heme moiety on one side, whereas
the side chain of Arg®>® with CP and C” atoms forms the oppo-
site hydrophobic side. The third side consists of a conserved
water molecule (Wat®), GIn*??, Phe**? oxygen, Pro***, and
Phe®®!, and the fourth side is made by GIn'> and His'®® with
other conserved water molecules of the distal site, including
Wat'. The observed position of the SCN™ ion is delicately bal-
anced by van der Waals forces from the nearest heme moiety
atoms on one side and CP and C” atoms of Arg®®® on the other.
The plane of heme moiety is nearly planar, and it is nearly par-
allel to the CP—C” bond of Arg®*®. The conserved water mole-
cule stabilized by interactions with GIn**®* N2, and Phe*?? oxy-
gen locks the position of the nitrogen atom of the SCN™ ion.
This is also supported by the side chains of Pro*** and Phe®®'.
This shows that the stereochemistry in LPO appears to be spe-
cific for the binding of the SCN™ ion in the distal heme cavity.
In contrast, a similar environment is not available in MPO. The
most notable structural element in LPO seems to be the con-
formation of the Arg*'®*~Phe**! loop in LPO, which is strikingly
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different from that of the corresponding loop in MPO. This
loop in MPO adopts a conformation that places Phe*” at the
site occupied by the side chain of GIn*** and the conserved
water molecule Wat®". Therefore, the orientation of the SCN ™
ion in MPO is bound to differ from that of LPO. This seems to
have evolved to attain substrate specificity in mammalian per-
oxidases. It is also noteworthy that the SCN™ plane is inclined
at a much larger angle (70.4° in molecule A and 35.2° in mole-
cule B in the structure of the MPO dimer) in the MPO-SCN™
complex (37). The fact that the SCN ™ ion is inclined at different
angles in the two molecules of the MPO dimer is itself an indi-
cation of low grade binding specificity for the SCN™ ion in
MPO. The corresponding angle between the planes of OSCN™
and the heme moiety in the complex of LPO-OSCN™ was
reported to be 21.5° (32). The plane of the SCN™ ion in the
LPO-SCN™~ complex is shifted away from the line of His**'-Fe-
His'*’ by ~3.8 A, whereas in the complex of MPO-SCN it is at
a distance of 3.3 A.

Comparison with the Structure of LPO-SCN *CN —The
crystals of LPO-SCN™ were soaked in the mother liquor con-
taining 100 mM NaCN. The presence of CN™ in the crystals was
verified by spectroscopic and chemical methods.” The x-ray
intensity data on the crystals of LPO-SCN™*CN~ were collected
to 2.7 A resolution, and the structure was refined to R, and
Ry, factors of 0.189 and 0.238, respectively (Protein Data Bank
Code 3FAQ). The major features of the difference Fourier maps
were examined in the vicinity of heme moiety. An elongated
positive peak at the 3.00 cutoff on the distal side of the heme
iron at the position of the conserved water molecule Wat' was
interpreted as cyanide binding to the heme iron (Fig. 2). It also
showed a pear-shaped electron density for the SCN™ ion (Fig.
2). The refined structure shows a heme iron-to-cyanide carbon
distance of 1.9 A. It is considerably shorter than the distance of
the heme iron to the water oxygen atom of 2.6 A in the
LPO-SCN™ complex. The C-N bond in the cyanide ion is
almost perpendicular to the heme plane with a Fe-C—N bond
angle of 161.0°. The position of the SCN™ ion in the present
structure is identical to that observed in the structure of
LPO-SCN . However, the plane of the SCN™ ion is not as par-
allel (inclination, 51°) as that found in the complex of
LPO-SCN™ (inclination, 10°), indicating a slight adjustment
upon binding of the cyanide ion. This is in striking contrast to
the binding of the SCN™ ion in MPO, where the planes of the
heme moiety and SCN™ ion are considerably more inclined in
the MPO-SCN~ complex (Protein Data Bank Code 1DNU)
(inclination, 70°) than in the ternary complex of MPO-SCN™ -
CN™ (inclination, 15°) (Protein Data Bank Code 1DNW). The
orientations of the SCN™ ion, with the sulfur atom of SCN™
being closer to the heme iron than its nitrogen atom in both
structures of LPO-SCN™ and LPO-SCN™CN ", are found to be
identical. It may also be mentioned here that the OSCN ™ in the
complex of LPO-OSCN™ (32) has a similar orientation as in the
present structure.

®1. A. Sheikh, A. K. Singh, N. Singh, M. Sinha, S. B. Singh, A. Bhushan, P. Kaur,
A. Srinivasan, S. Sharma, and T. P. Singh, unpublished data.
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DISCUSSION

Thiocyanate is a primary physiological substrate for lac-
toperoxidase. The substrate-binding channel in mammalian
peroxidases is extended from the distal heme cavity to the sur-
face of the protein. In LPO, this channel consists of loop
Arg*'®_Phe*®' on one side, whereas loops Ser'*°-Gly'%%,
Lys*?-Thr**?, Ala>*'-Ala**®, and Glu*”?>~Asn®*> make the
opposite side. The conformation of the loop Arg*'*-Phe**!
(Fig. 4a) is strikingly different from that of the corresponding
loop Arg*®*~Leu®” in MPO (Fig. 4b). As a result, the shapes of
the substrate-binding sites as well as the chemical environ-
ments are considerably different in LPO and MPO molecules.
In LPO, the inner sides of the channel walls contain predomi-
nantly hydrophobic and positively charged residues such as
Ly5233, Ph6239, Hi8377, Phe?,so’ Ph6381, Phe422, Gln423, Lys427,
and His**®. The corresponding residues in MPO are Leu*'®,
Leu®?3, Ser®®?, Phe®®®, Phe®*®, Phe*”’, Glu*®, Arg*'? and a
deletion at the position corresponding to His**® in LPO. It also
indicates a stronger positive charge environment in LPO. The
back of the channel is made by the heme moiety, which is sand-
wiched between two antiparallel helices H2 (98 -111) and H8
(341-353). The SCN ™ ion is placed almost parallel to the plane
of the heme moiety with the sulfur atom being closer to the
heme iron than its nitrogen atom. The Fe-S distance is 4.9 A,
and the Fe-N distance is 7.4 A. The opposite has been reported
in the complex of MPO-SCN ™~ where the Fe-S distance is 6.2 A
and the Fe-N distance is 4.9 A. The plane of the SCN ™ ion in the
LPO-SCN™ complex is only inclined at 11.0°, whereas in MPO
the observed inclination is of the order of 70°. The placements
of the SCN™ ion in the structures of LPO and MPO are sup-
ported by the stereochemical environments of their heme moi-
eties. In the observed orientation of the SCN™ ion in LPO, the
sulfur atom is hydrogen-bonded to the conserved water mole-
cule Wat', whereas Wat" is, as usual, linked to the heme iron at
a distance of 2.6 A and hydrogen-bonded to His'® N<* at a
distance of 2.5 A. The nitrogen atom of the SCN ™ ion is hydro-
gen-bonded to another conserved water molecule, Wat®,
which in turn is hydrogen-bonded to GIn**> N> and Phe**
oxygen. GIn*?®* N is linked to two other water molecules.
These water molecules interact with Glu''® and the carboxylate
of the ring D heme propionate. This network is further stabi-
lized by the participation of Arg**° and Phe'®'. In contrast, the
position of GIn**® in LPO is occupied by Phe*®” in MPO,
whereas the conserved water molecule Wat® is absent in MPO.
Actually, the real turning point in the structure of loop Arg*'¥—
Phe*?! occurs at Phe**? in LPO and Phe**” in MPO. Both Phe***
in LPO and the corresponding Phe*®” in MPO turn in opposite
directions. The observed conformation of Phe*** in LPO is
induced by a type III B-turn formed for tetrapeptide GIn*?3-
Pro***-Thr***-His**®, which is stabilized by an intra turn
hydrogen bond involving GIn**® oxygen and His**® nitrogen. In
addition, this tight turn is stabilized by interactions of GIn***
with the solvent-rich polar environment, sterically favorable
Pro residue, and a salt bridge involving His**® with Glu*°. As a
result, Phe*** adopts a conformation with ¢ and ¢ torsion
angles of —105.8° and 126.0°, respectively, making the side
chain of Phe*** a part of a hydrophobic cluster formed by
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Phe®#°, Phe®*!, Pro®*¢, Phe?*®, and Pro?*% In contrast, the val-
ues of ¢ and i torsion angles of Phe*®” in MPO are 58.1° and
28.3°, respectively, as a result of which the side chain of Phe*®”
moves to occupy the position of GIn*** and conserved water
molecule Wat®', It may also be mentioned that the conforma-
tion of loop Arg***~Leu®'” in MPO is internally rigidified by the
presence of three tight B-turns for three overlapping tetrapep-
tides, Arg*®>-Leu’*®-Phe*”’-Glu**® (type II B-turn), Phe**’-
Glu*®®-GIn**®-Val*'® (type III B-turn), and Glu**®-GIn**°-
Val*'°-Met*'! (distorted type III B-turn). This is a peculiar
conformation with a high degree of rigidity in MPO. It is perti-
nent to note here that the conformation of the loop in LPO is
also considerably influenced by the presence of an extra resi-
due, His**°. (The corresponding residue is absent in MPO,
which interacts with Phe®* oxygen through a water molecule,
Wat"'®. The corresponding interaction does not exist in MPO.)
Additionally, His**® is hydrogen-bonded to Glu'*® from the
neighboring helical segment in LPO. The corresponding seg-
ment is formed very differently in MPO due to the absence of a
hexapeptide Ser'*' to Lys'*® (LPO numbering) in the sequence
of MPO. As a result, a similar interaction is absent in MPO.
Overall, the loop Arg*'®—Phe**! is involved in a larger number
of inter-loop interactions in LPO than in MPO. On the other
hand, intra-loop interactions are stronger in MPO than in LPO.
Therefore, the stereochemical environment in the proximity of
the heme moiety in LPO is indeed considerably different from
that of MPO. The effect of this local structure in the proximity
of the heme moiety in LPO may guide the placement differently
of its substrate SCN™ ion, resulting in the orientation that is
unique and appropriate for the catalytic action by the enzyme.
As far as the positioning of the SCN™ ion in MPO is concerned,
its placement with the sulfur atom being away appears to be less
favorable for catalytic action, thus making it a poor substrate for
the enzyme MPO. Even so, the structural arrangements in
MPO in the resting state may not be able to induce a favorable
orientation of the SCN™ ion; the workable orientation may
occur in the presence of H,O, when compound I is formed.
Nevertheless, an appropriate orientation of SCN™ that is
induced by protein structure will make the mechanism of
action highly efficient. This is reflected in terms of the turnover
rates reported for enzymes LPO and MPO with the substrate
SCN™, which is more than 20 times higher for LPO than that of
MPO (38). To confirm the reproducibility of the orientation of
the SCN™ ion in the distal site, we have determined other crys-
tal structures of LPO with the SCN™ ion under different con-
ditions (Protein Data Bank code 3ERI), and indeed, we repeat-
edly observed the orientations of the SCN™ ion that are
identical to the orientation being reported here in the
LPO-SCN™ complex. Therefore, this orientation of the SCN™
ion is specific to LPO and is the correct orientation for efficient
enzymatic catalysis by LPO. However, it does not rule out the
conversion of SCN™ to OSCN™ by other mammalian peroxi-
dases because the converted form after the reaction of the rest-
ing enzyme with H,O, to compound I may induce the required
orientation for catalysis.

It has been shown that the preincubation of the SCN ™ ion
with mammalian peroxidases LPO, MPO and eosinophil per-
oxidase alters the rates of their catalytic activities (39). The
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bound SCN™ ion at the distal site may restrict the accessibility
of the binding site to H,O,. Additionally, the SCN™ ion inter-
acts with heme water molecule Wat', thus enhancing the bind-
ing affinity of water. As a result, it would be more difficult for
H,0, to displace Wat'. The above two factors will have adverse
effects for the affinity of H,O,, resulting in reducing the rate of
reaction. However, the stereochemical characteristics of the
substrate-binding site in the resting LPO allow SCN™ to bind
with favorable orientation in LPO, whereas in MPO, SCN™ is
held with unfavorable orientation. Therefore, this will also
adversely affect the efficiency of the catalytic function of MPO
for the substrate SCN . In summary, the results of these inves-
tigations clearly establish the structural preference of the SCN™
ion as a good substrate for LPO and mediocre substrate for
MPO.
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