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Abstract: Short peptidoglycan recognition protein (PGRP-S) is a member of the innate immunity system in mammals.
PGRP-S from Camelus dromedarius (CPGRP-S) is found to be highly potent against bacterial infections. It is capable
of binding to a wide range of pathogen-associated molecular patterns (PAMPs) including lipopolysaccharide (LPS),
lipoteichoic acid (LTA) and peptidoglycan (PGN). The heparin-like polysaccharides have also been observed in some
bacteria such as the capsule of K5 Escherichia coli thus making them relevant for determining the nature of their
interactions with CPGRP-S. The binding studies of CPGRP-S with heparin disaccharide in solution using surface plas-
mon resonance gave a value 3.3x107 M for the dissociation constant (Kd). The structure of the heparin bound
CPGRP-S determined at 2.8A resolution revealed the presence of a bound heparin molecule in the binding pocket of
CPGRP-S. It was found anchored tightly to the protein with the help of several ionic and hydrogen bonded interac-
tions. Three sulphate groups of heparin S1, S2 and S3 have been found to interact with residues, Arg-31, Lys-90, Thr-
97, Asn-99 Asn-140, GIn-150 and Arg-170 of CPGRP-S. The binding site includes two subsites, S-1 and S-l with cleft-
like structures. Heparin disaccharide is bound in subsite S-I. Previously determined structures of the complexes of
CPGRP-S with LPS, LTA and PGN also showed that their glycan moieties were also held in subsite S-l indicating that

heparin disaccharide also represents an important element for the recognition by CPGRP-S.
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Introduction

The protein molecules of mammalian innate
immune system [1] include four peptidoglycan
recognition proteins (PGRPs), (i) long-PGRP
(PGRP-L; M.W. up to 90 kDa) (ii&iii) intermedi-
ate-PGRPs (PGRP-la and PGRP-IB; M.W. 40-45
kDa) and (iv) short PGRP (PGRP-S; M.W. 20-25
kDa) [2]. First three PGRPs have a common C-
terminal domain of approximately 165-200
amino acid residues which is known as PGRP
domain and is similar to PGRP-S in size, scaf-
folding and action [3]. Although PGRP-S is ex-
pressed in various tissues, its presence in gran-
ules of polymorphonuclear leukocytes indicates
that it has a role as an antibacterial agent [4]. It
has been shown that this protein is also ex-
pressed in the lactating mammary glands of
mammals [5]. However, so far it has been de-
tected only in the milk of Camelus dromedarius
[B]. The average concentration of this protein in
the camel milk is found to be of the order of 12

mg/100 ml [5]. So far, crystal structures of
PGRP-S from only two species, camel (CPGRP-S)
[6] and human (HPGRP-S) [7] have been deter-
mined. The reported structure of HPGRP-S is
that of a truncated polypeptide chain consisting
of residues from 9 to 175. It was shown to
adopt a monomeric structure, although it is
mentioned in literature that it forms a covalently
-linked dimer because cysteine at position 8 is
assumed to be involved in a disulfide bridge
with Cys8 of another HPGRP-S molecule [8].
However, this fact is not yet fully resolved be-
cause so far clear experimental evidence is not
available about the quaternary state of HPGRP-
S. The C-terminal domains of HPGRP-lx
(residues, 177 to 341) and HPGRP-If (residues,
210 to 373) are similar to HPGRP-S [8]. The
structure determination of CPGRP-S has shown
clearly that the protein molecules form linear
polymers repeating two contact surfaces alter-
natively. The structure and binding studies with
lipopolysaccharide (LPS; lipid A), lipoteichoic
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acid (LTA; one unit of LTA polymer) [9], pepti-
doglycan (PGN; acetylmuramyl-alanyl-
isoglutamine) [10] have shown that all these
ligands bind at one of these two repeating con-
tact sites. Unlike other PGRPs which tend to
differentiate between Gram-negative and Gram-
positive bacteria and bind selectively to one of
them [11], CPGRP-S binds to both types of bac-
terial surfaces with nearly similar affinities [9,
10]. In view of this, it is pertinent to examine the
full range of versatility of the binding by CPGRP-
S to a variety of bacterial cell surface molecules
so that the potential of its clinical applications
could be realized. Therefore, we have carried
out binding studies of CPGRP-S with heparin
disaccharide and determined the crystal struc-
ture of CPGRP-S complexed with heparin disac-
charide. The structure determination showed
that heparin disaccharide binds to CPGRP-S
tightly and forms a number of contacts with pro-
tein atoms including ionic, hydrogen bonded
and van der Waals interactions. It was notewor-
thy that the binding region occupied by heparin
in CPGRP-S is the same as reported for the gly-
can moieties of LPS [9], LTA [9] and PGN [10].
However, it may be mentioned here that the
structures of the complexes of human C-
terminal domain of PGRP-lac with muramyl
tripeptide (MTP) [12] and human C-terminal
domain of PGRP-IB with muramyl pentapeptide
(MPP) [13] have been reported.

Materials and methods
Purification of protein

Fresh mammary gland secretions of camel were
obtained from the National Research Center on
Camels (NRCC), Bikaner, India. The protein was
purified to homogeneity from fresh camel milk
samples using a two step column chromatogra-
phy as described earlier [6]. The purity of pro-
tein was checked on sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE)
and matrix assisted laser desorption /ionization-
time of flight (MALDI-TOF) that showed a single
band on SDS-PAGE and one peak in MALDI-TOF.
The amino acid sequence [5] of CPGRP-S
showed that it lacks potential glycosylation sites
with Asn-X-Ser/Thr sequence motifs.

Surface plasmon resonance spectroscopy

The direct binding experiments were carried out
using a BlAcore 2000 instrument (BlAcore, Upp-
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sala, Sweden) as described previously [6]. The
methodology used is based on surface plasmon
resonance (SPR). CPGRP-S was covalently cou-
pled to a CM5 Sensor Chip (BlAcore) following
the manufacturer’s instructions. The control
flow-cells consisted of immobilized bovine se-
rum albumin (BSA). Heparin disaccharide ob-
tained from Sigma-Aldrich (St Louis, MO, USA)
was dissolved in PBS and injected at a flow rate
of 10 ul/min at 25°C using the multichannel
mode. The regeneration of the sensor surface
was achieved by short pulses of 0.1 M NaOH
or/and repeated washes with buffer. The data
analysis was carried out with BlAcore 3.0
evaluation software provided by the manufac-
turer.

Crystallization

The purified samples of protein were dissolved
in the buffer containing 50mM Tris-HCI, pH 8.0
to a final concentration of 15 mg/ml. 10 pl of
protein solution was mixed with equal volume of
the reservoir solution containing 10% Polyethyl-
ene glycol-3350 (PEG-3350) and 0.2 M Sodium
potassium tartrate. The 10 ul drops of protein
solution were set up in the hanging drop vapor
diffusion setup against the above reservoir solu-
tion. Crystals appeared after about a week. The
freshly grown crystals of CPGRP-S were soaked
in the reservoir solution containing heparin di-
saccharide at a concentration of 30 mg/ml.

X-ray intensity data collection and processing

The soaked crystals of CPGRP-S were stabilized
in the reservoir solution to which 30% glycerol
was added for the data collection at low tem-
perature. A single crystal was mounted in a ny-
lon loop and flash - frozen in a stream of nitro-
gen gas at 100 K. The data were collected using
the DBT-sponsored beamline BM-14 at ESRF,
Grenoble, France with a wavelength, A = 0.98 A
using a 165 mm MAR CCD detector
(MAResearch, Norderstedt, Germany). The data
were processed with DENZO and SCALEPACK
from HKL package [14]. The final data set was
complete to 96.2% to 2.8 A resolution. The crys-
tals belong to orthorhombic space group 1222
with unit cell dimensions of a = 88.4 A, b =
101.7 A, ¢ = 162.8 A. The presence of four
molecules per asymmetric unit gave a crystal
volume (Vm) of 2.41 A3Da? per protein mass
corresponding to a solvent content of 48.8% by
volume. The results of data collection and proc-
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Table 1. Data Collection and refinement statistics for the structure of the complexe of camel peptidogly-

can recognition protein (CPGRP-S) with Heparin (HEP).

PGRP-S + HEP
PDB ID 30GX
Space group 1222
Unit cell dimensions
a (A) 88.4
b (A) 101.7
c(A) 162.8
Number of molecules in the asymmetric unit 4
Vm (A3/Da) 2.41
Solvent Content (%) 48.8
Resolution range (A) 47.9-2.80
Total number of measured reflections 248232
Number of unique reflections 33492
#Rsym (%) 8.9 (28.9)
I/o(1) 17.0 (3.5)
Overall completeness of data (%) 96.2 (84.2)
*Rcryst (%) 20.5
Rfree (%) 23.4
Protein atoms 5348
Water oxygen atoms 303
Atoms of heparin disaccharide 35
Atoms of tartrate 10
Atoms of glycerol 6
R.m.s.d in bond lengths (A) 0.01
R.m.s.d in bond angles (°) 2.0
R.m.s.d in torsion angles (°) 24.8
Mean B-factor for main chain atoms (A2) 36.0
Mean B-factor for side chain atoms (A2) 39.2
Mean B-factor for all atoms(A2) 37.8
Ramachandran’s ¢, y map
Residues in the most favoured regions (%) 90.8
Residues in the additionally allowed regions (%) 9.2

The values in parentheses correspond to the values in the highest resolution shell. #Rsym = ZnwiZi |li(hkl) - <I(hkl)>|/ ZnkZili(hkl);
*Reryst = Zhki | Fo(hKl) - Fe(hkl) |/ Znki | Fo(hkl)| where Fo and Fc are observed and calculated structure factors respectively.

essing are given in Table 1.
Structure determination and refinement

Crystal structure of the complex was deter-
mined using molecular replacement method
with program MOLREP [15]. The coordinates of
a monomer from the structure of native CPGRP-
S (PDB ID: 3C2X) were used as a model for the
structure determination. It yielded a clear solu-
tion. The refinement was carried out with pro-
gram CNS [16]. At each refinement step |2F, -
Fc| and |Fo - Fc| maps were calculated for man-
ual model building using the program O [17] on
Silicon Graphics 02 workstation. A subset com-
prising 2% of the reflections was not used in the
refinement to allow for calculations of free R-
factor. Further cycles of refinement reduced the
crystallographic R-factor to 0.281 (free R-factor

88

to 0.311). At this stage a non-protein electron
density at 2.00 cut off in the |Fo- Fc| map was
observed into which heparin disaccharide was
modelled (Figure 1A). At the same time (2Fo-Fc)
map was also calculated for the region where
heparin disaccharide binding occurred to show
relative density at 1.20 cut off (blue) for heparin
disaccharide and surrounding residues. A den-
sity map (2Fo-Fc) at high cut off at 2.50 (red)
was also drawn. It showed comparable electron
densities for both protein residues and heparin
disaccharide (Figure 1B). At this stage, the posi-
tions of water oxygen atoms were also deter-
mined when observed as spherical peaks at a
level of at least 3.00 in |Fo- Fc| maps, provided
they formed suitable hydrogen bonds with pro-
tein partners in the model. The water molecules
that failed to appear at 2.00 in the subsequent
| 2F, - Fc| maps following further rounds of re-
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Figure 1. (A) Stereoview of the initial (Fo-Fc) electron density map at 20 cut off. The neighbouring residues from
molecules A, B, C and D are also indicated. (B) Stereoview of the omit map calculated during final stages of the
refinement of by omitting heparin disaccharide and surrounding residues of the binding subsite S-l at 2.50 cut off.

finement were removed from the model. To-
wards the end of refinement, additional sites
with non-protein electron densities at 2.50 cut-
off in the |Fo - Fc| map were also observed into
which one tartrate molecule and one glycerol
molecule were fitted and added into the model
and refined. The refinement using a bulk sol-
vent model was included in the final stages that
resulted in considerable improvement in the R-
factor for data in the low-resolution shell. The
final values of Reryst and Rree factors were 20.5%
and 23.4% respectively. The quality of the
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model was assessed using PROCHECK [18]. The
coordinates for the final model have been de-
posited at Rutgers University Protein Data Bank
with accession code 30GX.

Results

Surface plasmon resonance spectroscopic
analysis

The evaluation of binding affinity of heparin di-
saccharide towards CPGRP-S was carried out

Int J Biochem Mol Biol 2012:3(1):86-94
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Figure 2. (A) SPR sensograms showing the associa-
tion and dissociation curves for the binding of hepa-
rin disaccharide. CPGRP-S was immobilized on CM-
5 chip and three concentrations (1.4 mM, 2.5 mM
and 5.0 mM) of analyte heparin disaccharide were
used in the mobile phase. The corresponding
curves are indicated by a, b and c respectively. (B)
The fitted curves are shown by dotted lines.
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using the real time surface plasmon resonance
(SPR) spectroscopy. The SPR sensograms illus-
trating the nature of association and dissocia-
tion for heparin disaccharide are given in Figure
2A. The curve-fitting process was also carried
out which showed a good agreement on fitting
the data (Figure 2B). The overall fitting of the
observed data to the 1:1 association model
obtained with BlA-evaluation 3.0 software pack-
age gave the value of 3.3x107 M for the disso-
ciation constant (Kd) for the complex of CPGRP-
S with heparin disaccharide.

Quality of model

The final model consists of 5348 protein atoms
from four crystallographically independent pro-
tein molecules in the asymmetric unit, a tightly
bound heparin disaccharide, a tartrate molecule
bound at the C-D interface and one glycerol
molecule located at the surface (Figure 3). The
positions of 303 water oxygen atoms were also
determined using difference Fourier maps (Fo-
Fc). The final crystallographic R-factor is 20.5%
(Riree = 23.4%). A Ramachandran plot [19] for
the whole protein molecule shows 90.8% of
residues in the most favoured regions as calcu-
lated using PROCHECK [18]. The summary of
refinement statistics is given in Table 1.

Overall structure

The structure determination of CPGRP-S re-

Figure 3. (A) Ribbon dia-
gram for four crystal-
lographically independ-
ent molecules A, B, C
and D representing A-B
and C-D units of
neighbouring CPGRP-S
linear polymers. Heparin
disaccharide is bound to
protein molecule C at
subsite SI. The ligand
binding cleft in the
tetramer is indicated by
segments which are
highlighted in red. The
molecules of tartrate and
glycerol are also shown
(in ball and stick repre-
sentation). (B) Heparin
molecule with atom num-
bering is shown.

Int J Biochem Mol Biol 2012:3(1):86-94
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Figure 4. The columns of linear polymers of CPGRP-S with alternating contacts A-B and C-D. Heparin disaccharide

molecules are bound to molecule C at C-D contact site.

vealed that the asymmetric unit of the unit cell
contains four crystallographically independent
protein molecules which are designated as
molecules A, B, C and D. The superimpositions
of their Co-traces on each other showed rms
shifts in the range of 0.3A to 0.6A indicating
that their polypeptide chains folded in an identi-
cal manner. As seen from Figure 4, molecules A,
B, C and D represent A-B and C-D units of two
neighbouring linear polymers of CPGRP-S
stacked parallelly in the crystals. These poly-
mers are stabilized by alternating A-B and C-D
contacts. The buried interface area as calcu-
lated using PISA [18] for A-B contact was found
to be 858 A2 while it was 818 A2 for the C-D
interface. The calculation shows a buried area
of approximately 360 A2 between A and C while
the value for B-D interface is 80 A2. It indicates
that the neighbouring linear columns of CPGRP-
S molecules with alternating A-B and C-D con-
tacts are connected through A-C contacts. How-
ever, when a four molecule unit is considered
with A, B, C and D it gave an interface area of
1787A2 while those in any other symmetry com-
binations produced smaller buried interface
areas of 1043A2 and 719A2 respectively. This
showed that four crystallographically independ-
ent molecules A, B, C and D formed a more sta-
ble representation of four subunits.

Interactions between CPGRP-S and heparin
disaccharide

Heparin disaccharide is a negatively charged
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molecule with two glycan residues. The position
of heparin disaccharide coincides with the posi-
tions of glycan moieties of other PAMPs as ob-
served in the structures of the complexes of
CPGRP-S with LPS [9], LTA [9] and PGN [10].
Heparin disaccharide interacts extensively with
protein atoms (Table 2). There are atleast 19
ionic or hydrogen bonded interactions and ap-
proximately 100 van der Waals contacts be-
tween CPGRP-S and heparin disaccharide. The
sulphate group S1 interacts with Arg-170 (Arg-
170 NH1e e e+« +03 = 3.1 A) while sulphate
moiety S2 is in contact with Lys-90 (Lys-
QONn e » s+ » +022 = 3.3 A). The third sulphate
group S3 forms three hydrogen bonds with Gly-
95Nesesee029 = 2.9A, Asn-
Q9N32eeeeee029 = 33 A and GIn-
1500¢:2e e ¢ ¢+ 030 = 3.1 A (Figure 5). The
most frequently interacting residues with glycan
moieties at the subsite | include Asn-140 and
Arg-170 from molecule A, Trp-66, Arg-85, Lys-
90, Gly-95 and Asn-99 from molecule C and Thr-
97, Val-149 and Glu-150 from molecule D.

Discussion

The crystal structure determination of CPGRP-S
had revealed the presence of four crystal-
lographically independent molecules A, B, C and
D in the asymmetric unit [6]. The visual inspec-
tion of these four subunits indicated that they
formed two dimers, A-B and C-D. However, a
further analysis of the model using PISA [20]
suggested that it formed linear polymers with C-

Int J Biochem Mol Biol 2012:3(1):86-94
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Table 2. Hydrogen bonded and ionic interac-
tions between CPGRP-S and heparin disaccha-
ride. The letters before residue numbers indi-
cate molecules A, B, C and D of CPGRP-S.

Protein/Water Heparin/Water Distance (A)

Asn - A140 O 031 57
Glu-A1420E2 031 3.2
Arg - A170 NE 033 3.2
Arg-A170NH1 033 3.1
Asn-C99ND2  N14 2.9
Asn-C99ND2 015 2.7
Glu-C240E1 021 2.8
Glu-C1420E1 021 3.4
Glu-C240E1 022 2.8
Lys - C90 NZ 022 33
Glu-C1420E1 023 2.5
Asn-C140ND2 025 3.3
Gly-C65 0 025 3.3
Gly-C95 N 029 2.9
Asn-C99ND2 029 3.3
Trp - C66 NE1 034 31
Thr-D97 0G1 032 2.6
GIn-D150NE1 030 31
Val - D149 0 034 3.3

D and A-B contacts repeating alternatively
(Figure 4) as the buried interface areas at two
interfaces were comparable. As shown by Figure
3, heparin disaccharide bound these columns
at the sites of C-D contacts. An examination of
intermolecular interactions between protein and
heparin disaccharide showed that heparin di-
saccharide formed atleast 19 hydrogen bonds
and nearly 100 van der Waals contacts indicat-
ing the formation of a very stable complex of
CPGRP-S with heparin disaccharide. In the
scheme as shown in Figure 3, heparin disaccha-
ride binds primarily to molecule C. In the crys-
tals, it was observed that it also formed a few
additional interactions with molecules A and D.
As seen from Figure 5, the sulphate groups are
anchored in the pockets containing residues,
Lys-90, Asn-99, GIn-150 and Arg-170. An exami-
nation of the ligand binding surface shows two
cavity-like subsites separated by a loop His93 -
Pro100 in the protein molecule which are indi-
cated as subsites, S-1 and S-ll (Figure 6). Hepa-
rin occupies subsite S-I and fills it completely.
Subsite S-ll in the structure is slightly hindered
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Figure 5. The interactions involving protein atoms
(CPGRP-S) with sulphate moieties of heparin disac-
charide and protein residues. The sulphate moieties
S1 (PDB name: S26) forms an ionic interaction with
Arg-A170, S2 (PDB name: S16) forms a salt bridge
with Lys-C90 while S3 (PDB name: S20) forms three
hydrogen bonds with Ala-C94, Asn-C99 and Glu-
D150.

Figure 6. Showing two pockets S| and SII on the
ligand binding site of CPGRP-S. Heparin disaccha-
ride binds at subsite I.

by a loop from molecule D at the C-D interface
of the protein polymer (Figure 4). As reported
earlier the glycan moieties of other PAMPs, LPS

Int J Biochem Mol Biol 2012:3(1):86-94
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A == Figure 7. (A) The bindings of LPS (PDB: 3RT4) and LTA
‘ ) (PDB: 304K) to CPGRP-S. The glycan moieties are fit-
ted in the glycan binding pocket while their hydrocar-
bon chains are adjusted along the molecular surface.
(B) The binding of PGN (PDB: 3NW3) to CPGRP-S. The
glycan moiety is fixed at glycan binding pocket. The
peptide chain is adjusted along the surface of the pro-
tein molecule.

[8], LTA [8] and PGN [9] were also held at
the same subsite S-I. As the glycan moie-
ties get fixed in the glycan binding pocket S-
I, the hydrocarbon attachments such as
those in LPS and LTA (Figure 7A) and pep-
tide chain such as in PGN (Figure 7B) are
appropriately adjusted on the protein sur-
face. In a contrast, in the complexes of
HPGRP-laC [12] and HPGRP-IBC [13] with
MTP and MPP, the glycan moieties were
observed at a relatively less specific sub-
site, S-ll due to constraints at subsite, S-I
(Figure 8A) while peptide moieties were
held at subsite, S-I indicating that the pep-
tide moieties formed a more specific com-
ponent of PGN for the recognition by
HPGRP (Figure 8B). Since the cross-linking
peptides of PGN in Gram-negative bacteria
and Gram-positive bacteria contained meso
-diaminopimelic acid type (Dap-type) and L-
lysine type (Lys-type) respectively, the pep-
tide based recognition of such ligands
would require different specificities in
PGRPs. In this regard CPGRP-S is different
because the initial element of recognition is
the glycan moiety of PAMPs. The prefer-
ence for glycan moiety may partly be due to
a unique state of quaternary structure of
CPGRP-S where protein molecules form A-B
and C-D contacts. As the binding of heparin
and other glycan moiety containing ligands
occur at the C-D contacts, the ligand bind-
ing site in molecule C is further supported
by its association with molecule D.

Figure 8. (A) Muramyl dipeptide bound to HPGRP-
laC with peptide moiety at subsite, S-I and glycan
moiety at subsite, S-1l. (B) Superimposition of sub-
site S-I from CPGRP-S and HPGRP-S showing an
obstruction by His99 in HPGRP-S. The correspond-
ing residue in CPGRP-S is Pro-96. Furthermore, the
presence of Glu-24 and Lys-90 in the binding site
in CPGRP-S are helpful in the recognition of
PAMPs. The corresponding residues in HPGRP-S
are GIn-27 and Thr-93.
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