
 

 

Introduction 
 
The family of four mammalian peroxidases with 
a covalently linked heme moiety includes lac-
toperoxidase (LPO), myeloperoxidase (MPO), 
eosinophil peroxidase (EPO) and thyroid peroxi-
dase (TPO). These enzymes catalyze the H2O2-
dependent oxidation of a variety of substrates 
such as halides (I-, Br- and Cl-), pseudohalides 
(SCN-) and organic substrates which include 
phenols [1, 2], catecholamines and catechols [3
-5] as well as other experimental model com-
pounds such as aromatic amines [6], polychlori-
nated biphenyls [7], steroid hormones [8-10] 
and polycyclic aromatic hydrocarbons [11]. So 
far, structural studies have been carried out 
successfully on MPO and a few of its complexes 
[12-15] and LPO and its several complexes [16-
21]. However, there is still an ambiguity about 
the relative preferences of these heme peroxi-

dases for various inorganic substrates [22-25]. 
In this context, binding studies have indicated 
that MPO follows a preference [23] in the order 
of Cl- > Br- > SCN- > I-; EPO’s preference [24] is 
shown as Br- > SCN- > I- while LPO has been 
shown to prefer [22] in the order of SCN- > I- 
and TPO also prefers [25] the order as SCN- > I-. 
The information about the preference for Cl- and 
Br- by LPO is not available. The structures of 
bound single inorganic substrates with MPO [14
-15] and LPO [16, 18] are known. We report 
here the structure of a complex of LPO with four 
anionic substrates, Cl-, Br-, SCN- and I-. In this 
case LPO was crystallized in the presence of 
equimolar concentrations of four inorganic sub-
strates, Cl-, Br-, SCN- and I-. The structure deter-
mination revealed a new information about the 
presence of four bound anionic inorganic sub-
strates and the positions they occupied in the 
substrate-diffusion channel on the distal heme 
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Abstract: Lactoperoxidase (LPO) is a member of the family of mammalian heme peroxidases. It catalyzes the oxida-
tion of halides and pseudohalides in presence of hydrogen peroxide. LPO has been co-crystallized with inorganic sub-
strates, SCN-, I-, Br- and Cl-. The structure determination of the complex of LPO with above four substrates showed 
that all of them occupied distinct positions in the substrate binding site on the distal heme side. The bound substrate 
ions were separated from each other by one or more water molecules. The heme iron is coordinated to His-351 Nε2 
on the proximal side while it is coordinated to conserved water molecule W-1 on the distal heme side. W-1 is hydro-
gen bonded to Br- ion which is followed by Cl- ion with a hydrogen bonded water molecule W-5 between them. Next to 
Cl- ion is a hydrogen bonded water molecule W-7 which in turn is hydrogen bonded to W-8 and N atom of SCN-. W-8 
is hydrogen bonded to W-9 which is hydrogen bonded to I-. SCN- ion also interacts directly with Asn-230 and through 
water molecules with Ser-235 and Phe-254. Therefore, according to the locations of four substrate anions, the order 
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side. This is an important observation showing 
the preferred positions of Cl-, Br-, SCN- and I- in 
the binding site when all the four anions had 
identical opportunities for binding. The position 
of ions, SCN-, I-, Br-, and Cl- are clearly separated 
from each by one or more water molecules be-
tween them. The observed positions of anions 
with respect to the heme iron in LPO suggest 
that the order of preference could be as Br-, Cl-, 
SCN- and I- with Br- as the most preferred and I- 
being the least in that order. This is the first 
structural evidence showing a clear preference 
by LPO for anionic substrates. Based on this 
work, the binding region on the distal heme side 
has been subdivided into four sub-regions 
called as S1, S2, S3 and S4 as subsites in the 
substrate binding site of LPO.  
 
Materials and methods 
 
Protein purification 
 
Fresh bovine milk was collected from Indian 
Veterinary Research Institute, Izatnagar, India. 
The samples were skimmed and separated from 
fat. These were diluted twice with 50 mM Tris-
HCl (pH 7.8). Cation exchanger CM-Sephadex C-
50 (7gl-1) equilibrated in 50 mM Tris-HCl, pH 7.8 
was added by stirring slowly for about one hour 
with mechanical stirrer. The gel was allowed to 
settle and the solution was decanted. In order 
to remove the unbound proteins, the protein 
bound gel was washed with an excess of 50 
mM Tris-HCl (pH 8.0). The washed gel was 
loaded on a CM-Sephadex C-50 (Pharmacia, 
Uppsala, Sweden) column (100 × 2.5 cm) and 
equilibrated with 50mM Tris-HCl, pH 8.0. The 
elution of LPO was carried out with a linear gra-
dient of 0.0 - 0.5 M NaCl using same above 
buffer. The protein fractions with Rz value of 0.8 
and above were pooled and concentrated using 
an Amicon ultra filtration cell (Millipore, Biller-
ica, MA, USA). The concentrated protein sample 
was passed through a Sephadex G-100 column 
(100 × 2cm) using 50 mM Tris-HCl buffer, pH 
8.0. The elution was done at a flow rate of 6.0 
ml/hr. The fractions of Rz value of 0.9 and 
above were pooled and dialyzed against deion-
ized water. The lyophilized samples were stored 
at 253 K for further analysis. 
 
LPO activity measurements 
 
The activity assay was carried out following the 
procedure of Shindler and Bardsley [26] with 

some modifications to suit certain require-
ments. The 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 spectro-
photometer (PerkinElmer Life Sciences, 
Waltham, Massachusetts, USA). The 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 meas-
ured at 412 nm as a function of time for 2 to 3 
min. The rate of change of absorbance was con-
stant for at least 2 min. The one unit of activity 
is defined as the amount of enzyme catalyzing 
the oxidation of 1 µmol of ABTS min–1 at 293 K 
(molar absorption coefficient 32,400 M–1 cm–1). 
The activity of LPO was found to be 5.3 units ml
–1. The purity of LPO was also determined by 
absorbance ratio A412/A280 (RZ value). The RZ 
value for the purified LPO was found to be 
0.932.  
 
Crystallization of LPO with halides and pseudo-
halide 
 
The purified samples of protein were dissolved 
in 0.05 M tris-HCl buffer (pH 8.0), to a concen-
tration of 50 mg/ml. The mixture of halides (I-, 
Br- and Cl-) and thiocyanate (SCN-) was prepared 
using equal molar amounts at an overall con-
centration of 100 mg/ml. It was added to the 
protein solution in 1:1 ratio (v/v). Separately, a 
solution with 0.2 M ammonium acetate and 
20% (w/v) PEG-3350 was prepared for the crys-
tallization reservoir. The 6 μl of protein-ligand 
solution was mixed with 6 μl of reservoir solu-
tion to prepare 12 μl drops for hanging drop 
vapour diffusion method using 24-well Limbro 
plates. The rectangular-shaped and dark brown 
colored crystals measuring up to 0.4 × 0.4 × 
0.3 mm3 were obtained after one week. These 
crystals were also soaked in the solution con-
taining equimolar amounts of SCN-, I-, Br-,and Cl- 
ions for more than 48 hours. 
 
X-ray intensity data collection and processing 
 
Using these crystals, the X-ray intensity data 
were collected at the DBT-sponsored Synchro-
tron beamline BM-14 of the European Synchro-
tron Radiation Facility (ESRF) in Grenoble 
(France) on a MAR CCD detector (MAR, USA Inc. 
Evanston Il). In order to minimize the radiation 
damage, crystals were placed in nylon loops 
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and kept at 100K in a nitrogen stream during 
the measurements. The water ice formation was 
avoided by pre-incubation of the crystals for 3 
minutes in the reservoir solution containing 
22% w/v PEG-3350. A complete data sets was 
collected using one crystal. The data were proc-
essed and scaled with DENZO and SCALEPACK 
from the HKL-2000 package [27]. The crystals 
belong to monoclinic space group P21 with one 
molecule in the asymmetric unit. The results of 

data collection and processing statistics are 
given in Table 1.  
 
Structure determination and refinement 
 
The structure was determined with molecular 
replacement method using the coordinates of 
native lactoperoxidase as a model (PDB ID: 
3GC1). The rotation and translation functions 
and rigid body refinements performed using the 

Table 1. Data collection and refinement statistics 
Data collection   
Space group P21 
Unit cell dimensions (Å) 
β () 

a = 54.2, b = 79.8, c = 77.5 
102.6 

Number of molecules in the unit cell   2 
Vm (Å3/Da) 2.5 
Solvent content (%) 50.0 
Resolution range (Å) 75.66 – 1.77 (1.80-1.77) 
Total number of measured reflections 120,995 
Number of unique reflections 62,590 
Completeness of data (%) 98.9 (96.0) 
*Rsym (%) 6.1 (42.3) 
I/s(I) 39.1 (2.9) 
Refinement   
*Rcryst (%) 19.0 
Rfree  (%) (5% data) 23.6 
Protein atoms 4770 
Calcium ion 1 
Heme (1) 43 
Water oxygen atoms 763 
NAG atoms (8 NAG + 2 MAN residues) 134 
Diethylene glycol (1) atoms 7 
Monoethylene glycol (1) atoms 4 
Thiocyanate (1) atoms 3 
Iodide 15 
Bromide 1 
Chloride 1 
Zinc 1 
Glycerol (3 molecules) atoms 15 
2-methyl-2,4-pentanediol (1 molecule) atoms 8 
R.m.s.d. in bond lengths (Å) 0.02 
R.m.s.d. in bond angles (°) 2.0 
R.m.s.d. in dihedral angles (°) 13.8 
Overall G factor -0.06 
Average B–factor (Å2)   
    Wilson Plot 23.9 
    Main chain atoms 28.0 
    Side chains and water molecules 33.6 
    Overall 31.3 
Ramachandran’s plot   
Residues in the most favored regions (%) 89.5 
Residues in the additionally allowed regions (%) 10.5 
PDB Code 3NYH 
The values in parentheses correspond to the values in the highest resolution shell; *Rsym = hkli  Ii(hkl) - I(hkl)   hkl i Ii(hkl); 
*Rcryst = åhkl ÷ Fo(hkl)- Fc(hkl)÷ / åhkl ÷ Fo(hkl)÷ where Fo and Fc are observed and calculated structure  factors, respectively. 
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data between 12.0 and 4.0 Å yielded a clear 
solution with correlation coefficient of 64% and 
an R factor of 35.7%. The refinement was car-
ried out using program CNS [28]. The (|2Fo - 
Fc|) and (|Fo - Fc|) maps were calculated to 
adjust the protein molecule in the electron den-
sity using the program O [29]. Several cycles of 
restrained positional refinement with individual 
B-factors and several rounds of simulated an-
nealing from 3000 to 300 K allowed the correct 
tracing of the flexible loops where conforma-
tions were markedly different from the initial 
model. The manual chain tracing was carried 
out using omit maps across the entire protein 
molecule as the refinement progressed. At the 
end of this stage, the Rcryst and Rfree factors 
dropped to 0.26 and 0.29 respectively. The Fou-
rier (|2Fo - Fc|) and difference Fourier (|Fo - 
Fc|) maps computed at this stage showed three 
spherical electron densities with considerable 
differences in peak heights as well as one elon-
gated electron density in the substrate-binding 
channel on the distal heme side (Figure 1A). 
According to clearly calibrated peak heights in 
the difference (|Fo - Fc|) electron density map, 
the specific halide ions, I‑, Cl- and Br- were mod-
eled. In order to further confirm the correctness 
of the identification of halides, their positions 
were interchanged and refined. The refinements 
were followed by examining the variations in B-
factors. The occupancies of all the three halides 
were kept constant at 1.0. On interchanging 
halide atoms with one another the B-factors 
either increased or decreased drastically indi-
cating inaccuracy in the selection of halide ions. 
In order to identify the correct nature of halide 
atoms the occupancies were also varied to ad-
just the higher and lower peak electron densi-
ties. These calculations showed inconsistencies 
and the best refinement values were observed 
when Br- occupied the nearest position to the 
conserved water molecule W-1 while I- was 
placed at the most distant position. The iodide 
ion has been observed at the assigned position 
in other structures as well when only iodide an-
ion was used specifically (PDB IDs: 3QL6 and 
3PY4). The Cl- ion showed the best agreement 
at the middle position. The positions of Br- and 
Cl- ions were interchanged and several varia-
tions in occupancies and B-factors were calcu-
lated. However, the best fit with optimum B-
factors and occupancies gave a clear indication 
of their respective positions as assigned here 
(Figure 1). The final average value of B-factor for 
the well defined backbone atoms of the protein 

is 28Å2. The well coordinated heme iron has a B
-factor of 17Å2. The B-factors for Br-, Cl-, I- and S 
of SCN- are 28Å2, 27Å2, 43Å2 and 35Å2 respec-
tively while the average value for water oxygen 
atoms is 33Å2. Since the protein was co-
crystallized with halide and thiocyanate ions 
and since halides were only single atoms, it was 
expected that they will occupy respective posi-
tions with full occupancies. Additionally the crys-
tals were further soaked in the solution contain-
ing halides and thiocyanate ions to make it dou-
bly sure that their occupancies were full. There-
fore, the identification of halide atoms appears 
to be reasonably accurate. In addition to these 
spherical shaped electron densities in the chan-
nel an asymmetrical dumble-shaped electron 
density was also observed into which, SCN- ion 
was modeled nicely. Previously also SCN‑ ion 
has been observed at this position (PDB IDs: 
3QL6, 3Q9K, 3PY4 and 3OGW). There were 
other spherical shaped densities on the distal 
heme side at lower sigma cutoffs between the 
positions of halide ions into which water mole-
cules were modeled and assigned as W-1, W-3, 
W-5, W-6, W-7, W-8, W-9, W-10 and W-11. 
These electron densities in the difference Fou-
rier (|Fo - Fc|) map were further evaluated at 
various higher values of sigma cutoffs for ascer-
taining the correctness of halide ions. In the 
electron density map at 5δ cut off the densities 
for water atoms disappeared and the remaining 
densities confirmed the positions of S, Cl-, Br-, I- 
and Ca2+ (Figure 1B). In the next step, the elec-
tron density was examined at 8δ  cut off which 
distinguished the ions of I- and Br- from Cl-, Ca2+ 
and S atom of SCN‑ clearly (Figure 1C). The next 
calculation was made at 11δ cut off which con-
firmed the position of I- and Br- (Figure 1D). The 
final calculation at 14δ cut off showed the posi-
tion of I- only (Figure 1E). On having ascertained 
the correctness of halide atoms these were in-
cluded in the subsequent cycles of refinement 
which were combined with several rounds of 
positional and restrained individual B-factor 
refinement steps. The additional non-protein 
electron densities observed above 3δ in (|Fo - 
Fc|) and 1.5δ in (|2Fo - Fc|) maps were inter-
preted as a heme moiety, ten carbohydrate resi-
dues from four glycan chains and one zinc ion. 
These and subsequent maps were also used for 
determining the positions of 763 water oxygen 
atoms by applying the usual criteria of hydrogen 
bonding with protein atoms or with other water 
molecules and also by qualifying them with opti-
mum values of B factors at approximately 60Å2. 
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Figure 1. (A) The initial difference (|Fo - Fc|) Fourier map showing the electron densities at 3s cut off for I-, W-11(W-925) W-10 
(W-1166), W-9 (W-1186), W-8(W-1123), SCN-, W-7 (W-1134), Cl-, W-6 (W-719), W-5 (W-1150), W-3 (W-1136), Br-, W-1 (W-
790) and calcium ion. Figure was drawn using Pymol [33]. (B) The final Fourier (|2Fo - Fc|) map showing electron densities for I-, 
Br-, Cl-, S atom of SCN- and Ca2+ atoms at 5s cut off. (C) The final Fourier (|2Fo - Fc|) map showing electron densities for I-, Br-, 
Ca2+ and Cl- ions at 8s cut off. (D) The final Fourier (|2Fo - Fc|) map showing electron densities for I- and Br- ions at 11s cut off. 
(E) The final Fourier (|2Fo - Fc|) map showing electron density for I- ion at 14s cut off. 
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After the final rounds of calculations with 3000 
K simulated annealing coupled with positional 
refinement and restrained individual B-factor 
refinements, the Rcryst and Rfree factors con-
verged to 0.190 and 0.236 respectively. The 
refined coordinates of the lactoperoxidase com-
plexed with halides, I-, Br-, Cl- and SCN- have 
been deposited in the Protein Data Bank (PDB 
ID: 3NYH). The statistics of data collection and 
refinement are listed in Table 1.  
 
Results and discussion 
 
Quality of the model 
 
The final model as summarized in Table 1 repre-
sents a well defined molecule of LPO that con-
sists of residues from 1 to 595, a prosthetic 
heme group, 4 glycan chains and 763 water 
oxygen atoms. Four substrate ions, I-, SCN-, Cl- 
and Br- were observed in the substrate-binding 
channel on the distal heme side. Overall mean 
B-factor for all atoms is 31.3Å2. The geometry of 
the protein molecule is close to ideal values 
with root-mean-square (r.m.s) deviations of 
0.02Å and 2.0° from the standard values for 

bond lengths and angles respectively. The qual-
ity of the model as checked using PROCHECK 
[30] showed 89.5% of the non-Gly and non-Pro 
residues in the most favored regions of the 
Ramachandran plot [31]. The MolProbity score 
[32] was estimated to be at 75 percentile. The 
Ramachandran outliers were 0.51%, Cβ devia-
tions >0.25Å were 0 while residues with bad 
angles were 0.17%. All other values were within 
the prescribed limits. 
 
Overall structure 
 
Overall structural organization of lactoperoxi-
dase with four bound inorganic substrate ions in 
the diffusion channel is shown in Figure 2A. The 
protein adopts largely an α-helical fold consist-
ing of 21 α-helices, H1 (residues, 75-83), H2 
(residues, 98-111), H2a (residues, 123-132), 
H2b (residues, 149-152), H3 (residues, 197-
203), H4 (residues, 236-240), H5 (residues, 
260-283), H6 (residues, 289-317), H7 
(residues, 319-325), H8 (residues, 341-353), 
H9 (residues, 383-389), H10 (residues, 391-
399), H11 (residues, 415-420), H12 (residues, 
433-444), H13 (residues, 449-495), H14 

Figure 2. (A) The overall folding of the polypeptide chain of lactoperoxidase. The helices as cylinders (red) and β-
strands as arrows (yellow) have been indicated and numbered. The heme moiety (blue) and substrate anions I- 
(purple), SCN- (yellow-green-blue), Cl- (black), Br- (cyan) while W-1, W-5, W-7, W-8, W-9, W-10 and W-11 are shown 
as red spheres. Ca2+ ion is shown in green. (B) The Grasp drawing for the regions around the substrate-binding cleft 
filled with heme moiety (light blue with iron in orange), Br- (cyan), Cl- (black), I- (purple), SCN- (yellow-green-blue) and 
water molecules in red.  
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(residues, 464-471), H15 (residues, 474-483), 
H16 (residues, 492-498), H17 (residues, 509-
525), H18 (residues, 538-545), H19 (residues, 
549-556). There are two short β-strands, S1 
(residues, 357-359) and S2 (residues, 373-
375). The helices H2a and H2b are absent in 
the structure of MPO (12). The elongated mole-
cule of LPO with α-helices stacked one above 
the other is shown in Figure 2A, in which the 
heme moiety is sandwiched between α-helices, 
H2 on one side while H11 and H12 are on the 
opposite side. In addition to two covalent bonds 
between the heme moiety and the protein mole-
cule, the heme group is very tightly packed. The 
heme iron forms a coordination bond with proxi-
mal His-351 Nε2 at distance of 2.2Å, while car-
boxylic group of one of the heme propionates 
forms ionic interactions with guanidinium 
groups of Arg-348 (2.8Å) and Arg-440 (2.7Å) of 
α-helices H8 and H12 respectively. The carbox-
ylic group of the second propionate moiety 
forms a hydrogen bond (2.9Å) with Ala-114 N of 
helix H2. On the distal side, His-109 interacts 
with heme iron through conserved water mole-
cule, W-1. A deep channel is formed on the dis-
tal heme side with well defined boundaries. The 
channel connects the deeply buried heme moi-
ety to the surface of protein molecule (Figure 
2B). The walls of the channel consists of a flexi-
ble loop, Lys-420 - Leu-433 on one side while 
the segments, Gln-105 - Phe-113, Asn-231 - Thr
-243, Gly-252 - Ile-260 and Leu-374 - Asn-382, 
make the remaining walls of the channel. It is 
pertinent to note here that the internal charac-

ter of the substrate-diffusion channel is pre-
dominantly hydrophobic in nature. The confor-
mation of one of the loops, Gln-105 – Phe-113 
is stabilized by the calcium ion which forms a 
regular pentagonal bipyramidal coordination 
polyhedron in which the calcium ion is coordi-
nated with seven oxygen atoms in the structure, 
Ca2+ ••• Asp-110 Oδ1 = 2.4Å, Ca2+ ••• Asp-
110 O = 2.2Å, Ca2+ ••• Thr-184 Oγ1 = 2.4Å, 
Ca2+ ••• Asp-110 O = 2.3Å, Ca2+ ••• Phe-186 
O = 2.3Å, Ca2+ ••• Asp-188 Oδ1 = 2.4Å and 
Ca2+ ••• Ser-190 Oγ = 2.4Å.  
 
Bindings of SCN-, I-, Cl- and Br- 

 
The four inorganic substrate ions have been 
observed in the substrate diffusion channel on 
the distal heme side. As seen from Figure 3, the 
heme iron is coordinated to proximal His-351 
(Fe3+ ••• His-351 Nε2 = 2.2Å) and oxygen atom 
of conserved water molecule, W-1 (Fe3+ ••• 
OW-1 = 2.2Å) from the distal heme side. W-1 
forms a hydrogen bond with bromide anion (Br- 
••• OW-1 = 3.5Å). It is also hydrogen bonded 
to His-109 Nε2 (Br- ••• His-109 Nε2 = 2.9Å). 
The bromide anion in turn is hydrogen bonded 
to another conserved water molecule W-5 (Br- 
••• OW-5' = 3.0Å) which is linked to chloride 
ion (OW-5' ••• Cl- = 3.2Å) along the channel. 
The chloride ion is hydrogen bonded to next 
water molecule, W-7 (Cl- ••• OW-7' = 3.2Å). 
The hydrogen bonded chain involving substrate 
anions and water molecules is branched at wa-
ter molecule W-7 in two directions, one to I- and 

Figure 3. The hydrogen bonded 
interactions involving Br-, Cl-, I-, 
SCN-, Fe3+, W-1 (E27), W-3¢ 
(E373), W-5¢ (E387), W-6¢ 
(E719), W-7¢ (E371), W-8¢ 
(E360), W-9¢ (E423), W-10¢ 
(E403) and W-11¢ (E162). The 
names in the parentheses corre-
spond to the names in the PDB 
file: 3NYH. The coordinate link-
ages of Ca2+ ion are also shown. 
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another to SCN- anions. The hydrogen bonded 
chain towards I- includes W-8 (OW-7' ••• OW-
8' = 2.9Å), W-9 (OW-8' ••• OW-9' = 3.0Å) and I- 
(OW-9' ••• I- = 3.5Å). I- is further hydrogen 
bonded to Thr-425 N (I- ••• Thr-425 N = 3.2Å). 
In the second branch, W-7 is hydrogen bonded 
to nitrogen atom of SCN- ion (OW-7' ••• N = 
2.6Å) whereas the sulfur atom of SCN- ion is 
directly hydrogen bonded to Asn-230 (S ••• 
Asn-230 Nε2 = 3.2Å) and water molecule W-11 
(S ••• OW-11' = 3.0Å) which in turn is hydro-
gen bonded to Ser-235 (OW-11' ••• Ser-235 
Oγ = 2.5Å) and Asn-230 (OW-11' ••• Asn-230 
O = 2.6Å). The SCN- ion is also hydrogen bonded 
through its N atom to another water molecule W
-10' (N ••• OW-10' = 3.2Å) which in turn is 
hydrogen bonded to Phe-254 (OW-10' ••• Phe-
254 O = 2.8Å). Because of these interactions, 
the conformations of residues Asn-230, Ser-
235, Pro-236 and Phe-254 have changed sig-
nificantly. In the overall arrangement, the outer-
most position in the channel is occupied by io-
dide ion while SCN- is held in a side pocket but 
both are linearly connected to the heme iron 
through the hydrogen bonded chains involving 
W-9, W-8, W-7, Cl-, W-5, Br- and W-1. It may be 
mentioned here that SCN- ion has been ob-
served at the same SCN- ion binding pocket in 
the complex with SCN- (PDB ID: 3QL6) as well as 
at the position of Br- ion for catalytic conversion 
(PDB IDs: 3ERH and 3ERI). The position of I- 
observed in this structure also appears to be 
unique as it has been reported in another com-
plex with I- (PDB ID: 3QL6) and no other halide 
anion has been observed at this site so far. In 
order to provide the stabilizing hydrogen bonded 
interaction to I- ion in the channel with Thr-425 
N, the conformation of Thr-425 is appreciably 
altered where the Thr-425 containing tetrapep-
tide Gln-423 - Pro-424 - Thr-425 - His-426 of the 
channel forming loop 420-433 adopts a type II 
β-turn conformation (Figure 4A (a)) unlike its 
conformation in the absence of iodide ion at 
this position where the corresponding peptide 
adopts a highly distorted type I β-turn conforma-
tion (Figure 4A (b)). Similarly the binding of SCN- 
ion in the channel induced an appreciable con-
formational change in the loop, Asn-230 - Pro-
236 (Figure 4B). The position of chloride ion is 
located at an appropriate position in the diffu-
sion channel to form a van der Waals contact at 
a distance of 3.7Å from the side chain of Phe-
381 from one side of the channel wall. From the 
opposite side, the side chain of Phe-254 is 
flipped towards the diffusion channel with a 

rotation of χ1 = -174° from its original away po-
sition with χ1 = -74° and forms a similar van der 
Waals interaction with the Cl- ion at a distance 
of 3.7Å (Figure 4C). On further moving towards 
the heme moiety, the bromide atom is located 
at a distance of 3.7Å from His-109 Cε1 while its 
distance from the position of the corresponding 
atom observed in the native structure (PDB ID: 
3GC1) is more than 4.0Å (Figure 4D). Although 
His-109 is tightly held at its position due to its 
interactions with conserved water molecule W-1 
and also because it belongs to a highly ordered 
α-helix H2 which is anchored to calcium ion 
through two linkages through Asp-110. These 
data clearly indicate that all the three halide 
ions Br-, Cl- and I- are stabilized at their respec-
tive observed positions through induced fit by 
changing conformations of neighboring residues 
that included His-109, Phe-254 and Thr-425. In 
the resting state, these might be favourable 
positions of the respective halide ions. On the 
other hand the position of SCN- ion is unique 
and seems to be repeatedly occupied by SCN- 
ion in LPO (PDB IDs: 3QL6, 3Q9K, 3PY4 and 
3OGW). 
 
Nomenclature of subsites in LPO 
 
The ligand diffusion channel and the active site 
in LPO are designated hereafter as the sub-
strate-binding site. Since the substrate-binding 
site constitutes a significant region in the pro-
tein and provides characteristic interactions at 
different subsites in the channel, it would be 
appropriate to divide the substrate-binding site 
into four subsites. In the reaction mechanism of 
catalysis, the position of conserved water mole-
cule W-1 has to be eventually occupied by H2O2 
when the reaction involving heme moiety of lac-
toperoxidase, H2O2 and the substrate produces 
various useful antimicrobial agents. Therefore, 
the site of W-1 is considered as the activity cen-
ter in the protein. In the present structure, the 
position next to the active center in the sub-
strate-binding site is occupied by Br- ion which is 
stabilized by the interactions involving residues, 
Gln-105, His-109, Arg-255 as well as conserved 
water molecule W-1. This site is designated as 
subsite 1 (S1). The next interaction subsite is 
occupied by Cl- ion which interacts with Phe-
254, Arg-255 and Phe-381 and two water mole-
cules W-5′ and W-7′. This subsite is named as 
subsite 2 (S2). On further moving away from the 
heme iron to the next subsite where SCN- ion is 
located. SCN- ion is stabilized by several interac-
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tions from residues, Asn-230, Ser-235 and Pro-
236 and water molecules W-7′, W-10′ and W-
11′. This location is called subsite 3 (S3). The 
last region in the substrate-binding site is occu-
pied by I- ion which interacts with W-9′, Thr-425, 
Pro-424, Pro-234 and Phe-239. It is termed as 
subsite 4 (S4). These four principal subsites are 
illustrated schematically in Figure 5. This classi-
fication of the substrate-binding site in lactoper-
oxidase provides a clear understanding of the 
stereochemical aspects of enzyme substrate 
interactions. 
 
Analysis and implications 
 
This is for the first time that four different sub-
strate ions, SCN-, I-, Cl- and Br- were observed 
simultaneously in the substrate binding site on 
the distal heme side in heme peroxidases. In 
this structure, heme iron is coordinated to His-

351 Nε2 on the proximal heme side at a dis-
tance of 2.2Å. It coordinates to W-1 on the dis-
tal heme side also at a distance of 2.2Å. The 
three halide ions are linearly located in the sub-
strate diffusion channel which are separated by 
one or more water molecules. The water mole-
cule W-1 separates the heme iron from Br- ion 
while W-5 is positioned between Br- and Cl- 
ions. The Cl- and I- ions are separated by three 
water molecules W-7, W-8 and W-9. Similarly, 
SCN- and Cl- ions are separated by a water 
molecule, W-7. According to the locations of 
four anions in the channel, the position closest 
to the heme moiety is occupied by bromide ion 
while the iodide ion is held at the farthest posi-
tion from the heme iron. The chloride ion is in 
the middle while SCN- ion is placed in a side 
pocket. The linear chain of W-1, Br-, W-5, Cl- 
and W-7 bifurcates at W-7. One chain ends at 
SCN- ion while the other chain continues to       

Figure 4. (A) A part of the important loop of subsite 4 showing important conformational differences with (a) bound I- 
ion and (b) without I- ion. (B) The comparison of the segment consisting of residues that interact with SCN- in subsite 
3 (a) bound SCN- ion and (b) without SCN- ion. (C) The differences in conformations at subsite 2 with (a) bound Cl- ion 
and (b) without Cl- ion. (D) The comparison of structures of subsite 1 (a) with Br- ion and (b) without Br- ion. 
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W-8, W-9 and I-. The crystallization mixture con-
tained equimolar proportions of all the four ions, 
SCN-, I-, Cl- and Br- at a higher molar concentra-
tions than that of protein as well as these crys-
tals were further soaked in the buffer containing 
all the four anions. Each step was allowed 
enough time for the anions to diffuse into the 
binding site in LPO. Under these conditions, it 
was expected that all the anions would have 
occupied their positions with full occupancies. 
Therefore, the anion that occupied the closest 
position with respect to the heme iron in the 
substrate-binding site on the distal heme side 
represented the position of the most preferred 
substrate ion for LPO. In the present case, the 
Br- ion was observed at the closest position indi-
cating that it was the most preferred substrate 
ion. The Cl- ion followed it and hence it was sec-
ond most preferred substrate ion. The third was 
SCN- ion which was separated from Cl- ion by 
one water molecule, W-7 whereas I- ion on the 
other hand was the last because it was away 
from Cl- ion by three water molecules, W-7, W-8 

and W-9. These observations indicated the role 
of a very fine stereochemical preference of the 
substrate binding site of LPO for the inorganic 
substrates, I-, SCN-, Cl- and Br-. These results 
also imply that all the four inorganic substrates 
have a full access to the active site in LPO and 
would possibly get converted into the products. 
Therefore, all of them are potential substrates 
for LPO. However, because of equal concentra-
tions of these substrates, it may be inferred 
from the positions of individual substrate ions 
that LPO enzyme shows a preference in the or-
der of Br- > Cl- > SCN- > I-. These are new in-
sights pertaining to the action and preference of 
LPO for the inorganic substrates, SCN-, I-, Br- 
and Cl-. This also clarifies the notion that SCN- is 
not the only inorganic substrate for LPO. 
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