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The peptidoglycan recognition protein PGRP-S is an innate
immunity molecule that specifically interacts with microbial
peptidoglycans and other pathogen-associated molecular pat-
terns. We report here two structures of the unique tetrameric
camel PGRP-S (CPGRP-S) complexed with (i) muramyl dipep-
tide (MDP) at 2.5 Å resolution and (ii) GlcNAc and�-maltose at
1.7Å resolution. The binding studies carried out using surface
plasmon resonance indicated that CPGRP-S binds toMDPwith
a dissociation constant of 10�7 M, whereas the binding affinities
for GlcNAc and �-maltose separately are in the range of 10�4 M

to 10�5 M, whereas the dissociation constant for the mixture of
GlcNAc andmaltose was estimated to be 10�6 M. The data from
bacterial suspension culture experiments showed a significant
inhibition of the growth of Staphylococcus aureus cells when
CPGRP-Swas added to culturemedium.The ELISA experiment
showed that the amount ofMDP-induced production of TNF-�
and IL-6 decreased considerably after the introduction of
CPGRP-S. The crystal structure determinations of (i) a binary
complex withMDP and (ii) a ternary complex with GlcNAc and
�-maltose revealed thatMDP,GlcNAc, and�-maltose bound to
CPGRP-S in the ligand binding cleft, which is situated at the
interface of molecules C and D of the homotetramer formed by
four proteinmoleculesA, B,C, andD. In the binary complex, the
muramyl moiety of MDP is observed at the C-D interface,
whereas the peptide chain protrudes into the center of tetramer.
In the ternary complex, GlcNAc and �-maltose occupy distinct
non-overlapping positions belonging to different subsites.

Peptidoglycan recognition proteins (PGRPs)2 of the innate
immune system provide the first line of defense to hosts against

infecting microbes. These proteins specifically recognize
pathogen-associated molecular patterns (PAMPs) such as pep-
tidoglycan (PGN), LPS, lipoteichoic acid (LTA), mycolic acid,
and etc. It is well known that PGN is present on the cell walls of
bothGram-negative and -positive bacteria. PGN is a polymer of
alternating GlcNAc and N-acetylmuramic acid (MurNAc) in a
�(134) linkage, cross-linked by short peptide stems composed
of alternating L- and D-amino acids. The glycan moiety of PGN
is conserved among almost all of the bacteria, but the peptide
part displays a considerable diversity (1). According to
the amino acid residue at number three position of the peptide
stem, PGNs are divided into twomajor categories, (i) lysine type
(Lys-type) and (ii) meso-diaminopimelic acid type. The pepti-
doglycans or their fragments are recognized by the host
through innate immunity proteins, particularly PGRPs (2).
PGRPs are highly conserved molecules (3–7), which bind to

PGN and other PAMPs as well as to their fragments and deriv-
atives with varying affinities (8). There are four types of mam-
malian PGRPs designated as short PGRP (PGRP-S), PGRP-L,
PGRP-I�, and PGRP-I� representing short (molecular mass,
20–25 kDa), long (molecular mass, up to 90 kDa), and interme-
diate (molecular mass, 40–45 kDa), respectively. PGRP-S con-
tains �200 amino acid residues and represents a single PGRP
domain, wheraes PGRP-L and PGRP-I also contain a similar
C-terminal PGRP domain. PGRP-S shows direct bacterial rec-
ognition. The potency of its recognition determines its strength
in controlling bacterial infections. Initially, PGRP-S was
detected in bone marrow (6), whereas subsequently, it was also
observed as a soluble protein in the granules of polymorphonu-
clear leukocytes (9). This observation implied that PGRP-S
might have a role as an antibacterial agent (6). Recently, its
presence has also been shown inmilk of certain species ofmam-
mals (10) and in the intestinal M cells (11). As far as mammary
gland secretions are concerned, so far, PGRP-S has been
detected in the mammary secretions of porcine and camel only
(10). As far as structural studies are concerned, the crystal
structures of truncated human PGRP-S (HPGRP-S) (amino
acid residues from 9 to 191) and a full-length (amino acid resi-
dues from 1 to 171) camel PGRP-S (CPGRP-S) have been
reported (12, 13) showing truncated HPGRP-S as a monomer
(although it is expected to be covalently linked dimer), whereas
CPGRP-S was found to be a stable homotetramer (13). The
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ligand-binding site in HPGRP-S is located on the surface of the
monomeric protein, whereas that in CPGRP-S is observed deep
inside tetramer that is connected through a channel to the sur-
face of the protein. To establish thewide range of specificities of
the binding site in tetrameric CPGRP-S for various PAMPs, we
have determined two crystal structures of CPGRP-S complexed
with (i) a single compoundmuramyl dipeptide (MDP), which is
a moiety of PGN and (ii) two compounds GlcNAc and �-malt-
ose. Previously, it has been shown that the PAMP-binding site
in CPGRP-S was capable of recognizing both Gram-negative
and -positive bacteria through its binding to LPS and LTAwith
equally high affinities (14). From the structure analysis of native
CPGRP-S and its complexes with LPS and LTA, it was shown
thatmultiple binding subsiteswere available for the recognition
of PAMPs in the ligand binding site in the CPGRP-S tetramer.
Here, we provide further structural evidence of a wide range
binding capability of the PAMP-binding site in CPGRP-S.

EXPERIMENTAL PROCEDURES

Purification—CPGRP-S was isolated from the fresh samples
of camelmilk, whichwere obtained from theNational Research
Center on Camels (Bikaner, India), and purified it to homoge-
neity using the procedure described earlier (13). The purity of
protein was established using SDS-PAGE and MALDI-TOF.
Antibacterial Activity Assay—The inhibition of bacterial

growth was assessed by suspension assay in the absence and
presence of PGN. The strains of Staphylococcus aureus were
grown to mid-log phase in 1� TSB (3% w/v; 0.5% NaCl) at
37 °C. The 10-�l aliquots of the cells were added to 2 ml TSB.
The purified CPGRP-S was added to a final concentration of 25
�g/ml either alone or supplemented with 100 �g/ml PGN or
LPS (SigmaAldrich). The tubes were shaken at 300 rpm for 5 h.
The bacterial growth was monitored by measuring the OD at
600 nm at the intervals of one hour. To minimize the effect of
bacterial aggregation on OD, the cell suspensions were stirred
for 1 min before each measurement.
Binding Studies Using Surface Plasmon Resonance Spec-

troscopy—All of the surface plasmon resonance measurements
were carried out using Biacore-2000 (Pharmacia Biosensor AB,
Uppsala, Sweden) at 25 °C in which a biosensor-based system
has been used for real-time specific interaction analysis. The
sensor chip CM-5 (surface of whichwas covered with thin layer
of gold coated with carboxymethyl dextran residues for cova-
lent protein immobilization), surfactant P20, the amine
coupling kit containing N-hydroxysuccinimide, N-ethyl-N�-3-
(diethylaminopropyl)carbodiimide, and ethanolamine hydro-
chloride (Pharmacia Biosensor AB, Uppsala, Sweden) were
used in the experiment. The immobilization of CPGRP-S was
performed at a flow rate of 10 �l/min using an amine-coupling
kit. The dextran on the chip was equilibrated with running
buffer and carboxymethylated matrix was activated with an
N-ethyl-N�-3-(diethylaminopropyl)carbodiimide/N-hydroxy-
succinimide mixture and 210 �l of PGRP (4.2 �g/ml) in 10 mM

sodium acetate (pH 3.5), the unreacted groups were blocked by
injecting ethanolamine (pH 8.5). The surface plasmon reso-
nance signal for immobilized CPGRP-S reached 4357.8 reso-
nance units. Three concentrations of analytes (4.5 �M, 2.25 �M,
and 0.9 �M) were passed over immobilized PGRP at a flow rate

of 10 �l/min. The regeneration of the protein surface from
bound analyteswas done by using 1mMNaOH.The association
(Kon) and dissociation (Koff) rate constants for the analytes
bindings to CPGRP-S were calculated and the values of disso-
ciation constants (Kd) were determined by the mass action re-
lationKd�Koff/Kon using BIA evaluation software (version 3.0)
provided by the manufacturer.
Induction of TNF-� and IL-6—The human peripheral blood

was taken from a healthy donor and peripheral bloodmononu-
clear cells (PBMCs) were isolated from heparinized blood by
Ficoll-Hypaque gradient centrifugation and suspended in com-
plete RPMI 1640 with 10% FCS at optimum culture conditions
of 5% CO2, at 37 °C for 6 h. Cells were stimulated with medium
alone and with 10 �g/ml PGN without and with 10 �g/ml
CPGRP-S. The culture supernatants were collected after 6 h of
stimulation at optimum culture conditions and assayed for
TNF-� and IL-6 concentrations by ELISA according to the
manufacturer’s instructions. The data were expressed as mean
values� S.D. The statistical differences in the results were eval-
uated by Student’s t test.
Crystallization—CPGRP-S was crystallized at room temper-

ature using hanging drop vapor diffusionmethod. The crystals,
suitable for diffraction measurements were obtained after 4
weeks. In all of the crystallization setups, 4 �l of protein solu-
tion at a concentration of 12 mg/ml was mixed with 4 �l of
reservoir solution, which consisted of 10% PEG-3350, 200 mM

potassium sodium tartrate in buffer of 50mMTris-HCl, pH 7.5.
The 8-�l drops of protein solution were equilibrated against 2
ml of reservoir solutions. The crystals of native protein were
obtained after 3 weeks. These crystals were soaked in the reser-
voir solutions that contained (i) amixture of PGN fragment and
muramyl dipeptide and (ii) amixture ofGlcNAc and�-maltose.
The concentrations of (i) MDP and (ii) GlcNAc and �-maltose
were prepared at 12 mg/ml. The soaking was carried out for
24 h.The soaked crystalswere flash cooled in liquid nitrogen for
30 s in the cryoprotection solution consisting of 20% glycerol
(v/v) in the reservoir solution.
X-ray Intensity Data Collections—Two independent x-ray

intensity data sets were collected on the crystals soaked (i) in
the solution containingMDP and (ii) in the solution containing
the equimolar mixture of GlcNAc and �-maltose using DBT-
sponsored x-ray beamline BM14 at the European Synchrotron
Radiation Facility (Grenoble, France). To minimize the radia-
tion damage, the crystals weremounted in nylon loops and kept
at 100 K in a liquid nitrogen stream during the measurements.
The data were indexed, integrated, scaled, and merged using
theHKL-2000 package (15). The crystals belong to orthorhom-
bic space group I222 with unit cell dimensions of (i) a � 87.1,
b � 102.0, and c � 161.6 Å and (ii) a � 87.1, b � 100.8, and c �
161.8 Å with four molecules in the asymmetric unit in both
structures. The data collection and processing statistics for the
two crystals are given in Table 1.
Structure Determination and Refinement—Because struc-

tures of both the complexes of CPGRP-S with (i) MDP and (ii)
GlcNAc and �-maltose were isomorphous to the structure of
native CPGRP-S (PDB 3C2X), themodel of the native structure
was subjected to several rounds of simulated annealing/posi-
tional refinement using reflection data from sets (i) (structure
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1) and (ii) (structure 2), respectively, with the program CNS
(16). These were followed by B-factor refinements. The model
buildings were carried out using the program O (17) on the
Silicon Graphics O2 Work station. As the refinements pro-
gressed and the Rcryst factors dropped to �26%, whereas Rfree
factors dropped to �29%, the electron density maps (2Fo � Fc)
and (Fo � Fc) were calculated in both cases. The characteristic
non-protein electron densities were observed at the interface of
moleculesC andDat�2.5� cut-off.MDPwasmodeled into the

electron density in structure 1 (see Fig. 1A), whereas molecules
GlcNAc and �-maltose were fitted nicely in structure 2 (Fig.
1B). The coordinates of MDP were included in the subsequent
cycles of refinement in structure 1, whereas those of GlcNAc
and�-maltosewere included in structure 2. After further cycles
of refinements, electron densitymapswere calculated intermit-
tently, and manual model buildings were carried out. These
electron density maps were also used for determining the posi-
tions of 400 water oxygen atoms in structure 1 and 735 water

FIGURE 1. The initial�Fo � Fc� electron density maps at 2.5� cut-off for muramyl dipeptide in the binary complex with CPGRP-S (A). The compound is located at
C-D interface and N-acetylglucosamine and �-maltose (B) in the ternary complex with CPGRP-S. With reference to the center of the tetrameric complex,
�-maltose is located at the distal site of the C-D interface, whereas GlcNAc occupies a proximal position.

TABLE 1
Data collection and refinement statistics for the structures of the complexes of peptidoglycan recognition protein (CPGRP-S) with MDP, GlcNAc,
and maltose
The values in parentheses correspond to the values in the highest resolution shell.

Parameters CPGRP-S�MDP CPGRP-S�GlcNAc and maltose

PDB code 3NW3 3NG4
Space group I222 I222
Unit cell dimensions a � 87.1, b � 102.0, and c � 161.6 Å a � 87.1, b � 100.8, and c � 161.8 Å
Number of molecules in the asymmetric unit 4 4
Resolution range (Å) 50–2.5 85.5–1.7
Total number of measured reflections 717,180 1,562,425
Number of unique reflections 24,772 70,076
Rsym (%)a 6.5 (25.2) 4.7 (48.4)
I/�(I) 31.2 (3.4) 32.7 (2.4)
Overall completeness of data (%) 97.9 (98.1) 99.1 (99.0)
Rcryst (%)b 23.6 20.2
Rfree (%) 24.9 24.4
Protein atoms 5348 5348
Water oxygen atoms 400 735
Atoms of glycerol 6 6
Atoms of tartrate 10 10
Atoms of ligands (MDP and GlcNAc/maltose) 34 23/15
R.m.s.d in bond lengths (Å) 0.02 0.02
R.m.s.d in bond angles 1.9° 1.9°
R.m.s.d in torsion angles 15.3° 15.0°
Wilson B-factor 52.8 20.7
Mean B-factor for main chain atoms (Å2) 48.9 21.3
Mean B-factor for side chain atoms (Å2) 51.3 26.8
Mean B-factor for all atoms(Å2) 50.2 24.3
Ramachandran �, � map
Residues in most favored regions (%) 89.4 88.7
Residues in additionally allowed regions (%) 10.6 11.3

aRsym � 	hkl	i�Ii(hkl) � 
I(hkl)��/	hkl	iIi(hkl-).
bRcryst � 	hkl�Fo(hkl) � Fc(hkl)�/	hkl�Fo(hkl)�, where Fo and Fc are observed and calculated structure factors, respectively.
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oxygen atoms in structure 2. After additional cycles of refine-
mentwithwater oxygen atoms, the correctness of water oxygen
atomswere examined, and only those water oxygen atomswere
retained whose thermal B-factors were �70 Å2 and made
hydrogen bonds with protein atoms. The final cycles of refine-
ments using REFMAC (18) converged with Rcryst and Rfree val-
ues of 0.236 and 0.249 for structure 1 and 0.202 and 0.244 for
structure 2. As indicated by calculations using program PRO-
CHECK (19), there were no non-glycine residues in the disal-
lowed regions of the Ramachandran map (20). The refinement
statistics of both structures are summarized in Table 1.

RESULTS

Antibacterial Activity of CPGRP-S—The addition of an
excess amount of LPS orMDP (100 �g/ml) completely blocked
the CPGRP-S (25 �g/ml) mediated growth inhibition of
S. aureus cells (Fig. 2). Similar results were also obtained when
the mixture of GlcNAc and �-maltose were used (data not

shown). In the suspension assay, CPGRP-S produces a dose
dependent inhibition of S. aureus. The dose of 25 �g/ml of
CPGRP-S was found enough to inhibit the growth of bacteria
completely. However, when LPS or MDP was added to the cul-
ture at 100 �g/ml, it completely reversed the inhibitory effects
of CPGRP-S as the bacterial density curve obtained with the
addition of CPGRP-S and LPS/MDP fully matched with the
curve, which was obtained when additives were not used. Sim-
ilar conclusions could be drawn with GlcNAc and �-maltose.
These results clearly indicated that CPGRP-S inhibited the bac-
terial growth by interacting with the molecules associated with
bacterial cell walls. The binding studies have shown that all the
compounds, LPS, MDP, GlcNAc, and maltose bind to
CPGRP-S directly with significant binding affinities.
Determination of KD by Surface Plasmon Resonance—The

molecular interactions between CPGRP-S and its binding part-
ners MDP, GlcNAc, and �-maltose were studied in real-time
using surface plasmon resonance spectroscopy. The senso-
grams for the interactions of CPGRP-S with (i) MDP and (ii)
GlcNAc and �-maltose are shown in supplemental Fig. S1, A
and B. The increase of resonance units from the base line rep-
resents the binding of ligands to the immobilized protein. The
plateau line represents the steady state equilibrium phase of
interactions between protein and the ligands, whereas the
decrease in resonance units from the plateau represents the
dissociation phase. As seen from Fig. 3A, the dissociation phase
is slower in case of MDP than other two analytes as calculated
using BIA evaluation software. This showed that MDP has the
higher affinity than the other two individual ligands. The value
of the dissociation constant (KD) for MDP was calculated to
be 3.2� 10�7 M, whereas theKD values forGlcNAc andmaltose
mixture was estimated to be 3.7 � 10�6 M.
Inhibition of Cytokine Induction inHumanPBMCs—Because

of the bacterial cell wall components such as MDP are potent
inducers of cytokine production in human PBMCs, CPGRP-S

FIGURE 2. The suspension assay. Bacteria were incubated in 1� TSB (3%
w/v) with 25 �g/ml CPGRP-S, either alone (‚) or supplemented with 100
�g/ml S. aureus MDP (E), 100 �g/ml LPS (�), or no additives (ƒ). Tubes were
shaken at 300 rpm for 5 h, and bacterial density was monitored by measure-
ment of optical density at 600 nm at 1-h intervals. The data represent the
mean � S.D. values of three independent experiments.

FIGURE 3. Effect of CPGRP-S on the MDP or MDP�LTA-induced release of cytokines in the human blood as estimated in peripheral blood mononuclear
cells. Cells were treated with MDP or mixture of MDP�LTA, either in the presence or absence of CPRP-S. TNF-� (A) and IL-6 (B) in medium were measured after
24 h of the treatment. The data are expressed as mean � S.D. values (n � 6).
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was expected to have an effect on the activation ofmacrophages
as it has a high affinity toward MDP. Thus, the effect of
CPGRP-S was evaluated on the production of TNF-� and IL-6
by MDP augmented human PBMCs. The 5 �g/ml of CPGRP-S
was able to inhibit MDP-induced TNF-� and IL-6 production
by 75 and 85%, respectively (Fig. 3). These are very significant
results showing reduction in the levels of proinflammatory
cytokines on addition of CPGRP-S to the activated PBMCs and
indicate the potential of CPGRP-S in the intervention of bacte-
rial infection induced inflammation or the septic shock.
Molecular Structure of CPGRP-S—The crystal structures of

two complexes of CPGRP-S (one binary complex with MDP
designated as structure 1 and another ternary complex with
GlcNAc and �-maltose designated as structure 2) were deter-
mined at high resolutions. CPGRP-S forms an asymmetrical
homotetramer in which molecules A and B are tightly held
through a series of intermolecular hydrogen bonds and hydro-
phobic interactions. The most critical hydrogen bonds at this
interface are formed by involving amino acid residues Ser-A8,
Ile-B9, Glu-B14, Arg-A122, Arg-B122, Asn-A126, and Asn-
B126. In comparison, molecules C and D are held relatively
loosely as the interface has direct intermolecular hydrogen
bonds and hydrophobic interactions only in a small region on
the outer side, whereas the remaining three-fourths of the
region of the unevenly formed interface is filledwithwatermol-
ecules. The prominent amino acid residues that form hydrogen
bonds at the C-D interface includeHis-C37, His-D37, Tyr-C59,
Tyr-D59, Trp-C66, glu-C150, Glu-D150, Pro-C151, Thr-D152,
and Leu-D153. The dimers A-B and C-D further associate to
give rise to a homotetramer in an asymmetrical manner. The
molecules A and C interact with each other involving nearly
50% length of their interface covering outer part of it. The res-
idues that are involved in intermolecular contacts from mole-
cule A are Arg-A31, Tyr-A32, Trp-A98, Arg-A138, Ser-A139,
Asn-A140, and Arg-A170, whereas those from molecule C are
Glu-C21, Arg-C23, Glu-C24, and Gly-C95. On the other hand,
internal faces of molecules B and D are rich in positively
charged amino acid residues and hence do not form direct
intermolecular interactions resulting in the formation of a
channel-like structure, which appears to be stereochemically
compatible for the diffusion of PAMPs. The residues of mole-
cule B at the interface are Pro-B3, Arg-B23, Arg-B25, Arg-B28,
Pro-B29, Gly-B135, and Arg-B138, whereas those on the oppo-
site surface of molecule D are Pro-D29, Arg-D31, Arg-D138,
Asn-D140, and Arg-D170, indicating a lower possibility of
direct intermolecular contacts betweenmolecules B andD.The
wide channel is loosely filled with water molecules that are eas-
ily displaced by PAMPs. It may be noted that the B-factors of
residues in this region are relatively higher than those in other
parts of the protein, indicating a higher degree of mobility.
Structure of Complex of CPGRP-S with MDP—The structure

of the complex of CPGRP-S with MDP (CPGRP-S-MDP, des-
ignated as structure 1) was determined at 2.5 Å resolution (PDB
3NW3) (supplemental Fig. S2). The structure consists of four
crystallographically independent protein molecules designated
as A, B, C, and D, oneMDPmolecule bound with occupancy of
1.0 to the tetrameric complex of CPGRP-S and 400 structured
water molecules. The superpositions of four protein molecules

A, B, C, and D gave a root mean square deviations (r.m.s.d.) of
�0.4 Å for 171�-carbon atoms, indicating that the four protein
molecules in the homotetramer have identical conformations.
Furthermore, when the C� traces of fourmolecules A, B, C, and
D from structure 1were superimposed on those of the unbound
CPGRP-S (PDB 3C2X), the r.m.s.d. shifts were found to be only
up to 0.8 Å, showing that the binding of MDP to CPGRP-S did
not perturb the conformation of the proteinmolecule apprecia-
bly. However, the orientations of several side chains of amino
acid residues in the proximity of binding ofMDPwere found to
be considerably altered although their main chain conforma-
tions were not disturbed significantly. The prominent residues
that contributed to the binding of MDP include, Arg-C85, His-
C93, Gly-C95, Asn-C99, Val-C149, Gln-C150, Leu-C164, Thr-
D95, Lys-D144, Asp-D148, andAsp-D149 (supplemental Table
S1). Of these residues, the most critical interactions with
PAMPs were provided by Trp-C66, Asn-C99, Gln-C150, Val-
D149, and Gln-D150 (Fig. 4).
Structure of Ternary Complex of CPGRP-S with GlcNAc and

�-Maltose—The structure of CPGRP-S-GlcNAc-maltose (des-
ignated as structure 2) was determined at 1.7 Å resolution (PDB
3NG4) (supplemental Fig. S3). In this structure also, there were
four protein molecules A, B, C, and D in the form of a homo-
tetramer in an asymmetrical arrangement. Two compounds,
GlcNAc and �-maltose were found bound to the tetrameric
protein complex at the interface of molecules C and D. As indi-
cated by refinement of the structure both compounds bound to
the protein with full occupancies of 1.0. The positions of 735
water molecules were also determined, the majority of which
were found interacting with protein atoms. The wide channel
between molecules B and D was sparsely filled with water mol-
ecules. When the C� traces of CPGRP-S from the present ter-
nary complex were superimposed on the C� traces of unbound

FIGURE 4. Hydrogen-bonded interactions between CPGRP-S and MDP
from molecules C and D.
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CPGRP-S (13), the overall r.m.s.d. was �0.9 Å, indicating that
the conformations of proteinmolecules were not disturbed due
to the binding of GlcNAc and �-maltose at the interface of C-D
molecules in the tetrameric complex of CPGRP-S. However,
the conformations of some of the side chains in the proximity of
the binding of these ligands altered considerably. The residues
that interactedwithGlcNAc includedAsn-A140, Lys-C90, Lys-
C91, Asn-C99, Ala-D94, Pro-D96, Thr-D97, Asn-D99, and
Gln-D150 (supplemental Table S2) (Fig. 5A). The residues that
formed hydrogen bonds with �-maltose included Trp-C66,
Ala-C94, Gln-C150, Gly-D65, Lys-D90, and Asn-D99 (supple-
mental Table S3) (Fig. 5B). As seen from supplemental Fig. S3,
molecules GlcNAc and�-maltose occupy non-overlapping dis-
tinct positions in the PAMP-binding cleft. There is no common
residue that interacts with both compounds but several identi-
cal residues from protein molecules C and D that contribute to
the binding of two ligands. These include residues Lys-C90,
Asn-C99, Ala-D94, and Gln-D150, which interact with
GlcNAc, and Ala-C94, Gln-C150, Lys-D90, and Asn-D99,
which interact with �-maltose. It is also noteworthy that the
binding affinities of compounds, GlcNAc and �-maltose were
similar even though they occupied different positions in the
binding cleft. It clearly shows that the ligand binding site con-
sists of several specific binding regions in the cleft that allows an
equally efficient recognition of different PAMPs.

DISCUSSION

Crystal structure determinations have shown that CPGRP-S
forms a stable asymmetrical homotetramer involving four iden-
tical proteinmolecules A, B, C, andD, whereasHPGRP-S exists
as amonomer. A comparison of amino acids present at the C-D
interface shows thatCPGRP-S hasAla-94, Pro-96, andPro-151,
which favor dimerization (14, 21). The corresponding residues
in HPGRP-S are Ser-94, His-96, and Arg-151, which are not
known to favor dimerization (21). Therefore, it is quite evident
from the amino acid sequence that molecules C and D in
CPGRP-S may prefer to form a dimer, whereas the residues in

HPGRP-S may not induce dimerization. Further sequence
comparisons of PGRP-S from various other species (supple-
mental Fig. S4) shows that the corresponding amino acid resi-
dues in them do not appear to be as suitable for dimerization as
in CPGRP-S. However, the final confirmation of the formation
of such a multimeric state can be ascertained only by crystal
structure determinations. As indicated by the contact regions
between the pairs of molecules, it appears that the tetrameric
structure has evolved as a dimer of two dimers formed between
molecules A and B andmolecules C andD. This arrangement is
unique and because a cleft is formed inside the tetramer, it has
functional implications. The overall design of the cleft involves
contributions from all the four molecules with final binding
regions residing at the interface of molecules C and D. The
outer side of the C-D interface is closed as several intermolec-
ular interactions betweenmolecules C andD are formed on the
distal site. The inner side, which is free from intermolecular
contacts, opens into the void at the center of the tetramer.
Because the dimers A-B and C-D are slightly shifted with
respect to each other in the direction perpendicular to the C-D
interface, the inner opening is contiguous to the A-C interface,
which is also closed on the outer side with several intermolec-
ular interactions between molecules A and C. The cleft com-
prising partial C-D and A-C interfaces is directly connected to
B-D interface, which forms a long and wide channel between
the center of the tetrameric complex and the surface of the
proteinmolecules. The entry to the cleft presumably takes place
through the opening at the B-D interface. The flexible N ter-
mini (residues, Glu-1 to Ser-8) of molecules B and D form flaps
at the two ends of the diffusion channel, one on the surface and
another inside at the entrance to the cleft which is connected to
the channel via the center of the tetramer. These may help in
filtering out non-PAMP molecules lacking stereochemical
complimentarity. Furthermore, the shape of the B-D channel is
more like a funnel with a wider orifice at the outer side that
helps in capturing the PAMPs effectively. Further recognition

FIGURE 5. Hydrogen-bonded interactions between CPGRP-S and GlcNAc (A) from molecules A, C, and D and CPGRP-S and �-maltose from molecules
C and D (B).
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of PAMPs is carried out by the internal surfaces of molecules B
and D. The internal walls of the channel are lined up with a
series of positively charged residues, Arg-B13, Arg-B23, Arg-
B25, Arg-B28, and Asn-B88 from molecule B and Arg-D31,
Tyr-D32, Arg-D138, Ser-D139, Asn-D140, and Arg-D170 from
molecule D. The main PAMPs-binding site is comprised of an
extended C-D interface along with a portion of the A-C inter-
face. As observed in the case of MDP, the main interactions
were provided by molecules C and D. The major interactions
involving GlcNAc in the ternary complex came from amino
acid residues of molecules A, C, and Dwith amajority of amino
acid residues from molecule C. On the other hand, �-maltose
interacted predominantly with residues from molecule D. The
analysis of residues that interacted with three ligands shows an
interesting pattern where MDP is in contact with two residues
from molecule C, Trp-C66 and Asn-C99, and four residues
from molecule D, Trp-D98, Asp-D148, Val-D149, and Glu-
D150. In the case of GlcNAc, one residue, Asn-A140 frommol-
eculeA, three residues frommoleculeC, Lys-C90, Pro-C96, and
Asn-C99 and one residue, Glu-D150, from molecule D. Of six
residues that are involved in the binding to ligands, MDP and
GlcNAc in the two complexes only two residues, Asn-C99 and
Gln-D150 are common, whereas the remaining four residues
are different. Similarly, the interactions of GlcNAc and �-malt-
ose that form hydrogen-bonded interactions with six residues,
of which only one residue Ala-C94 is common, the rest of the
five residues are different. These observations clearly show that
the binding subsites are distinct and recognize different chem-
ical entities. It may be mentioned here that the multiligand
specific binding sites have also been observed in other multi-
meric proteins such as a ubiquitously distributed cellular pro-
tein A from S. aureus (22), laminin-binding lectin (23), and
some MHC tetramers (24).
It is clearly observed that the three compounds MDP,

GlcNAc, and �-maltose interact with different residues in the
binding site because these are accommodated in different sub-
regions of the PAMP-binding site (Fig. 6). Similarly, a compar-
ison of interactions of CPGRP-Swith LPS andLTAalso showed
notable differences involving a number of common and differ-
ent amino acid residues (14). These observations show that the
PAMP-binding site in CPGRP-S is able to accommodate differ-
ent types of PAMPs with significant specificities to each PAMP

because it contains multiple subsites contributed by three mol-
ecules A, C, and D, whereas the supporting diffusion channel is
formed by molecules B and D. Thus the mode of binding of
CPGRP-S involves direct interactions with bacteria through its
cell wall surfacemolecules by sequestering them effectively and
then disallowing their communications for further cellular
growth. This mechanism of action is distinct from the effects of
membrane permeabilizing antibacterial peptides, peptidogly-
can-lytic enzymes, and inhibitors of peptidoglycan biosynthe-
sis. It appears that CPGRP-S essentially targets cell wall molec-
ular patterns rather than cell membranes. This means that
CPGRP-S may be useful protein antibiotic and may not suffer
from bacterial resistance.
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