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Peptidoglycan recognition proteins (PGRPs or PGLYRPs) are innate immunity proteins that are conserved from

insects to mammals, recognize bacterial peptidoglycan, and function in antibacterial immunity and inflammation.

Mammals have four PGRPs – PGLYRP1, PGLYRP2, PGLYRP3, and PGLYRP4. They are secreted proteins

expressed in polymorphonuclear leukocytes (PGLYRP1), liver (PGLYRP2), or on body surfaces, mucous membranes,

and in secretions (saliva, sweat) (PGLYRP3 and PGLYRP4). All PGRPs recognize bacterial peptidoglycan.

Three PGRPs, PGLYRP1, PGLYRP3, and PGLYRP4 are directly bactericidal for both Gram-positive and

Gram-negative bacteria and have no enzymatic activity, whereas PGLYRP2 is an N-acetylmuramoyl-L-alanine

amidase that hydrolyzes bacterial cell wall peptidoglycan. Peptidoglycan recognition proteins influence host–

pathogen interactions not only through their antibacterial or peptidoglycan-hydrolytic properties, but also through

their pro-inflammatory and anti-inflammatory properties that are independent of their hydrolytic and antibacterial

activities. The PGRPs likely play a role both in antibacterial defenses and several inflammatory diseases. They

modulate local inflammatory responses in tissues (such as arthritic joints) and there is evidence for association of

PGRPs with inflammatory diseases, such as psoriasis.
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INTRODUCTION

Peptidoglycan recognition proteins (PGRPs) were first

discovered in the hemolymph of insects as proteins that

bind bacterial peptidoglycan and activate the propheno-

loxidase pathway, an antimicrobial host defense mech-

anism in insects.1 Cloning of insect PGRP has led to the

discovery of mouse and human PGRP orthologs, thus

showing that PGRPs are highly conserved from insects

to mammals.2–4 All PGRPs function in antibacterial

defenses and innate immunity. Insects have many

PGRPs with diverse functions. Insect PGRPs either

sense bacteria and trigger host defense pathways that

generate antibacterial products, or they hydrolyze or

non-enzymatically neutralize pro-inflammatory bacte-

rial peptidoglycan and thus limit inflammation.5,6

Mammals have four PGRPs, three of which were

initially identified as bactericidal proteins and one as a

peptidoglycan-hydrolytic enzyme, amidase.5 Recent

results, however, indicate that mammalian PGRPs also

modulate inflammation and immune responses indepen-

dently of their bactericidal and enzymatic activities.7

Genes and protein structure

Mammals have four PGRPs that were initially named

PGRP-S, PGRP-L, and PGRP-Ia and PGRP-Ib (for

‘short’, ‘long’, or ‘intermediate’ transcripts, respec-

tively), by analogy to insect PGRPs.4 The names for

human PGRPs were then changed by the Human

Genome Organization Gene Nomenclature Committee

to PGLYRP1, PGLYRP2, PGLYRP3, and PGLYRP4,

respectively, and this nomenclature has been adopted for

all mammalian PGRPs.

PGRPs have at least one C-terminal type 2 amidase

domain, called a PGRP domain, that is �165
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amino-acids long and is structurally homologous to

bacteriophage and bacterial type 2 amidases.2–6 The

PGRP domain is longer at its N-terminus than type 2

amidase domain, contains a PGRP-specific segment, not

present in type 2 amidases, and, as discussed later, not all

PGRP domains have amidase activity.5,6,8 Mammalian

PGLYRP1 is �200 amino-acids long, has a signal

peptide, one PGRP domain, and a molecular mass of

�18–20 kDa. PGLYRP2 has one C-terminal PGRP

domain and an N-terminal sequence that is twice as long

and has no homology to PGRP domain or any other

proteins. PGLYRP3 and PGLYRP4 have two PGRP

domains, which, however, are not identical and, for

example, in human PGLYRP3 and PGLYRP4 have only

37–43% identity.4–6

All mammalian PGRPs have two closely spaced

conserved Cys in the middle of their PGRP domain

that form a disulfide bond, which is needed for the

structural integrity and activity of PGRPs.5,6 A mutation

in one of these Cys in human PGLYRP2 (C419A)

abolishes its amidase activity.9 Mammalian PGRPs have

two additional conserved Cys that form a second

disulfide bond, and many mammalian PGRPs

(PGLYRP1 and the C-terminal PGRP domain of

PGLYRP3 and PGLYRP4) have another conserved

pair of Cys that form a third disulfide.

The crystal structure of PGRPs reveals a general

design similar to type 2 bacteriophage amidases: PGRP

domain has three peripheral a-helices and several central

b-sheet strands.8,10,11 The front face of the molecule has

a cleft that forms a peptidoglycan-binding groove, and

the back of the molecule has a PGRP-specific segment

(not present in bacteriophage amidases) that is often

hydrophobic and is also more diverse among various

PGRPs. PGLYRP2 and all non-mammalian

amidase-active PGRPs have a conserved Zn2þ-binding

site in the peptidoglycan-binding groove, which is also

present in bacteriophage type 2 amidases and consists of

two His, one Tyr, and one Cys (C530 in human

PGLYRP2). In non-amidase PGRPs (PGLYRP1,

PGLYRP3, and PGLYRP4), this Cys is substituted

with Ser.9,12 Thus, the general design of PGRP domains

in all PGRPs is similar to accommodate binding of

muramyl pentapeptide fragment of peptidoglycan, but

the fine details of the structure of PGRP domains in

various PGRPs differ depending on the function and fine

specificity for various types of peptidoglycan.

All mammalian PGRPs are secreted and PGLYRP1,

PGLYRP3, and PGLYRP4 form disulfide-linked homo-

dimers.13–15 Moreover, if PGLYRP3 and PGLYRP4 are

expressed in the same cells, they almost exclusively

form disulfide-linked heterodimers.15 PGLYRP2 also

forms dimers, but they are not disulfide-linked.16

Schematic structures of PGRP dimers are shown in

Table 1 modeled on available crystallographic data for

PGLYRP1 and C-terminal PGRP domain of PGLYRP3

and PGLYRP4.

Expression

PGLYRP1 is highly expressed in the bone marrow in

polymorphonuclear leukocytes and their precursors,2,4

and the protein is almost exclusively present in the

tertiary (secretory) granules,17–21 from which it could be

released by exocytosis during phagocytosis. PGLYRP1

is also expressed in the lactating mammary gland,22 and

bovine PGLYRP1 is expressed in eosinophils, in addi-

tion to neutrophils.18 Lower expression of PGLYRP1 is

found in intestinal M-cells23 and also in many

non-immune cells, such as epithelial cells and

fibroblasts.7,24,25

PGLYRP2 is constitutively expressed in the liver,

from where it is secreted into blood.13,14 This liver

PGLYRP2 and serum N-acetylmuramoyl-L-alanine ami-

dase (that was earlier identified but not cloned) are the

same protein encoded by the PGLYRP2 gene.14

PGLYRP2 is also expressed at lower levels in oral and

intestinal epithelial cells;23,24 its expression is induced in

keratinocytes and other epithelial cells and fibroblasts

by exposure to bacteria and cytokines.7,24–27

Peptidoglycan-induced expression of PGLYRP2 is

nucleotide-binding oligomerization domain (NOD)2-

dependent.7 Some mammals express multiple splice

forms of PGLYRP2 that may have different expression

and possibly multiple functions. For example, pigs have

two PGLYRP2 splice forms, short and long. They both

have amidase activity, and the long form has a similar

expression to human PGLYRP2, whereas the short form

is constitutively expressed in several tissues, including

bone marrow, intestine, liver, spleen, kidney, and skin.28

PGLYRP3 and PGLYRP4 proteins are selectively

expressed in the skin epidermis, hair follicles, sebaceous

glands and sweat glands; in the eye’s ciliary body and

corneal epithelium; in the mucus-secreting cells of the

main salivary (submandibular) gland; and in

mucus-secreting glands in the throat (both

mucus-secreting glands selectively express PGLYRP4,

but not PGLYRP3); in the tongue and esophagus in

squamous epithelial cells; in the stomach in

acid-secreting parietal cells (PGLYRP3) and

glycoprotein-secreting neck mucous cells (PGLYRP4);

and in the small and large intestine in the columnar

absorptive cells, but not in mucus-secreting goblet cells

and not in the crypts in Paneth cells, which produce

antimicrobial peptides.15,29 Bacteria and their products

increase the expression of PGLYRP3 and PGLYRP4 in

keratinocytes,15 fibroblasts,7 and oral epithelial cells,24

likely through activation of Toll-like receptor (TLR)2,

TLR4, NOD1, and NOD2.
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Table 1. Structure, expression, and biological activities of mammalian PGRPs

Enzymatic Expression Activitya Other effects

Liver! serum
Skin keratinocytes
Oral and intestinal epithelium

Amidase
GlcNAc

GlcNAc

Peptidoglycan

PGLYRP2

MurNAc

MurNAc

n

n

L-Ala

L-Ala

D-Glu

D-Glu

L-Lys (Gly)5

L-LysD-Ala

D-Ala

Pro-inflammatory alar-
min

Peptidoglycan-induced
inflammation and
arthritis

Antibacterial Expression Activitya Other effects

Bone marrow
polymorphonuclear neutrophils
Intestinal M cells
Epithelial cells
Fibroblasts
Eye corneal epithelium

Anti-inflammatory

Skin
Epidermis
Hair follicles
Sebaceous glands
Sweat glands

Oral and intestinal epithelium
Stomach parietal cells
Eye ciliary body and corneal

epithelium

Anti-inflammatory

Skin
Epidermis
Hair follicles
Sebaceous glands
Sweat glands

Oral and intestinal
epithelium

Mucus-secreting cells in salivary
glands and throat

Stomach neck mucous cells
Eye ciliary body and corneal

epithelium

Anti-inflammatory

Skin
Epidermis
Hair follicles
Sebaceous glands
Sweat glands

Oral and intestinal epithelium
Eye ciliary body and corneal

epithelium

Anti-inflammatory

PGLYRP structures were rendered by RasMol and arranged as homodimers or heterodimers (the arrangements are arbitrary, because structures

of dimers have not been yet solved). The structure of PGLYRP1 and C-terminal half of PGLYRP3 and PGLYRP4 are based on PDB entries

1yckA, 1SK3A, and 2EAX, respectively; the remaining structures were predicted by Swiss-Model; structure of the N-terminal portion of

PGLYRP2 cannot be predicted. Thus, PGLYRP1 homodimer has two PGRP domains (one from each monomer), PGLYRP2 homodimer also

has two PGRP domains (at the C-terminus of each monomer), and PGLYRP3 and PGLYRP4 homodimers, and PGLYRP3:4 heterodimer have

four PGRP domains (two from each monomer).
aPGLYRP1, PGLYRP3, PGLYRP4, and PGLYRP3:4 do not have amidase activity. Images of bacteria provided by Dennis Kunkel

Microscopy, Inc.
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Peptidoglycan binding

Mammalian PGRPs recognize peptidoglycan, which is

an essential cell wall component of all bacteria and

which is not present in eukaryotic cells.5,6 Peptidoglycan

is a polymer of b-(1!4)-linked N-acetylglucosamine

(GlcNAc) and N-acetylmuramic acid (MurNAc),

cross-linked by short peptides containing alternating L-

and D-amino acids.

Crystallographic analysis of human PGLYRP1 and

C-terminal PGRP domain of PGLYRP3, as well as

insect PGRPs, shows that PGRP domain has a

ligand-binding groove that binds peptidoglycan and is

specific for muramyl-tripeptide.5,6,8,10,11,30 It binds

GlcNAc–MurNAc–tetra- and –pentapeptide with

higher affinity, but it does not bind muramyl-dipeptide

or a peptide without MurNAc.31,32 Binding of

muramyl-pentapeptide to the C-terminal fragment of

PGLYRP3 induces a conformational change in the

PGRP domain that locks the ligand in the binding

groove, which contributes to the high affinity of

binding of PGRPs to peptidoglycan.33

Mammalian PGRPs bind to both Gram-positive and

Gram-negative bacteria.15,17 Although PGRPs can dis-

criminate between amino acids present in the peptides of

various peptidoglycans and although this discrimination

imparts the specificity of PGRP-mediated responses in

insects,5 there is little evidence for similar functional

discrimination by PGRPs in mammals. Moreover, some

PGRPs may also bind to other polymers, such as

lipoteichoic acid (LTA) and lipopolysaccharide (LPS)

and also to some fungi.15,17,19 However, human and

mouse PGRPs have the highest affinity for peptidogly-

can and much lower for LTA and LPS,15,17 whereas

bovine PGLYRP1 seems to have high affinity for LTA

and LPS.19 Binding results, however, should be always

interpreted with caution when commercial ligand pre-

parations are used, because they may have some

contaminants. It is also not clear whether these other

ligands bind to the peptidoglycan-binding groove or to

another portion of the PGRP molecule, such as the

hydrophobic region on the opposite side of the molecule.

Binding of peptidoglycan outside the peptidoglycan-

binding groove contributes to the formation of oligo-

mers34 or dimers of some insect PGRPs.35

Amidase activity

Mammalian PGLYRP2 is an N-acetylmuramoyl-L-

alanine amidase that hydrolyzes the lactyl bond between

the MurNAc and L-Ala in bacterial peptidoglycan

(Table 1).9,12 The preferred substrates are soluble

peptidoglycan fragments, such as products of

peptidoglycan digestion by the second host

peptidoglycan-hydrolyzing enzyme, lysozyme, or by

bacterial peptidoglycan hydrolases, whereas intact

cross-linked peptidoglycan in the cell wall is a poor

PGLYRP2 substrate. The minimum peptidoglycan frag-

ment hydrolyzed by PGLYRP2 is muramyl tripeptide

(similar to the minimal PGRP-binding fragment),

whereas muramyl dipeptide is not hydrolyzed by

PGLYRP2.9 Serum PGLYRP2 may have a scavenger

function similar to amidase-active insect PGRPs, and

thus may neutralize pro-inflammatory peptidoglycan,36

although, in tissues, PGLYRP2 has an opposite effect

and participates in induction of inflammatory response.7

The latter process, however, is independent of

its amidase and peptidoglycan-binding activities.7

PGLYRP1, PGLYRP3, and PGLYRP4 do not have

amidase activity, because, as already mentioned, they

have a Ser instead of Cys (which is critical for Zn2þ

binding) in the enzyme’s catalytic site.9,12

Bactericidal activity

Human PGLYRP1, PGLYRP3, PGLYRP4, and

PGLYRP3:PGLYRP4 heterodimers, and bovine

PGLYRP1 are bactericidal or bacteriostatic for many

pathogenic and non-pathogenic Gram-positive and

Gram-negative bacteria.15,18,19,37 PGLYRP1, PGLYRP3,

and PGLYRP4 from other mammalian species are also

likely to have similar bactericidal activity. Bovine

PGLYRP1 also has some microbicidal activity against

a fungus, Cryptococcus neoformans.18,19

Mammalian PGLYRP1, PGLYRP3, and PGLYRP4

form a new class of bactericidal proteins that have a

different structure, mechanism of action, and expression

than currently known mammalian antimicrobial pep-

tides.15,37,38 The PGRPs are much larger than all

currently known vertebrate antibacterial peptides:

PGLYRP-1, PGLYRP-3, PGLYRP-3:4, and

PGLYRP-4 proteins are disulfide-linked glycosylated

44 kDa, 89 kDa, 98 kDa, and 115 kDa dimers, respec-

tively,15 and vertebrate antimicrobial peptides are typ-

ically 3–15 kDa. PGRPs require divalent cations and N-

glycosylation for bactericidal activity, which are not

usually required by membrane-permeabilizing antibac-

terial peptides, such as defensins or magainin.

Mammalian PGRPs also differ from antimicrobial

peptides in their mechanism of bactericidal activity:

the former kill bacteria by interacting with cell wall

peptidoglycan and the latter by permeabilizing bacterial

membranes. Furthermore, the expression patterns of

mammalian PGRPs and antimicrobial peptides are

different, and some cells that produce large amounts of

these peptides (e.g. Paneth cells, which produce defen-

sins, phospholipase A2, and lysozyme) do not express

PGRPs.15 The PGRPs, however, are present in similar
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sites in the body as antimicrobial peptides (phagocytic

cells, skin, mucous membranes) and kill bacteria syner-

gistically with antimicrobial peptides.37 It has been

proposed that PGRPs kill bacteria by inhibiting pepti-

doglycan synthesis,38,39 but this hypothesis has not been

directly proven.

Modulation of inflammation

One would expect that amidase-active mammalian

PGLYRP2 should have an anti-inflammatory effect

in vivo, because insect PGRPs with peptidoglycan-

hydrolytic amidase activity have anti-inflammatory proper-

ties and protect insects from excessive inflammation by

hydrolyzing pro-inflammatory peptidoglycan.40–42

However, contrary to this prediction, recent results

show that PGLYRP2 plays a pro-inflammatory role in

a model of peptidoglycan-induced acute inflammation

and arthritis in mice.7 PGLYRP2 is required for the

induction of peptidoglycan-induced arthritis and local

inflammation, because PGLYRP2–/– mice are resistant

to peptidoglycan-induced arthritis and inflammation.

This property is not shared by other PGRPs and is

dependent on NOD2-mediated induction of PGLYRP2

expression in local non-immune cells. Moreover, ami-

dase activity of PGLYRP2 is not required for its

pro-inflammatory effect.7 By contrast, PGLYRP1 has

an opposite anti-inflammatory effect in the same model

of inflammation. Thus, in addition to its enzymatic

activity, PGLYRP2 functions as an alarmin, similar to

antimicrobial peptides, such as b-defensins, which in

addition to their antimicrobial activity enhance immune

responses and inflammation.43

Role in disease and future directions

The etiology of inflammatory diseases is often unknown

or uncertain and these diseases are determined both by

environmental factors and genetic predisposition, usu-

ally with multiple genes determining susceptibility.

Examples of such complex inflammatory diseases are

arthritis, systemic lupus erythematosus, inflammatory

bowel disease, psoriasis, asthma, and atherosclerosis.

There are some indications that PGRPs may be involved

in the pathogenesis of several of these inflammatory

diseases. For example, PGLYRP3 and PGLYRP4 are

likely associated with psoriasis. Human PGLYRP3 and

PGLYRP4 genes are located in the epidermal differen-

tiation gene cluster in the psoriasis sensitivity psors4

locus, and the expression of PGLYRP3 and PGLYRP4 is

co-ordinated with the expression of other genes in this

locus.44 Recent genetic association studies indicate that

mutations in PGLYRP3 and PGLYRP4 genes signifi-

cantly contribute to the pathogenesis of psoriasis.44,45

This association was significant in some, but not all,

populations suggesting that other factors, such as envi-

ronmental factors, may also play a role. An important

environmental factor, so far unexplored with PGRPs,

could be microbial flora,46 which is influenced both by

the genetic make-up of the host and by the life-style and

diet. Recent data also indicate an association of

PGLYRP1 with atherosclerosis.47 Moreover,

PGLYRP1 (also known as Tag7) also plays a role in

lymphocyte cytotoxicity for tumor cells.48

PGLYRP2 plays a role in local tissue inflammation and

acute arthritis.7 Thus, PGLYRP2 may be one of the innate

immunity molecules required for maintaining the proper

balance between local inflammatory response (which is

needed for efficient defense against infections) and exag-

gerated response (which induces pathology). It should be

also noted that co-ordinated action of many molecules are

needed to produce appropriately measured inflammatory

responses. For example, peptidoglycan-induced local

inflammation and arthritis are not only dependent on

PGLYRP2, but also on NOD2 (which is needed for the

induction of local expression of PGLYRP2), TLR4 and

MyD88 (which are needed for the maturation of poly-

morphonuclear neutrophils (PMNs)), and several chemo-

kines (which are needed to attract and activate PMNs).7

PMNs are crucial effectors of inflammation in this model.7

One of the most frequent inflammatory diseases of

unknown etiology in the intestinal tract is inflammatory

bowel disease (IBD) which involves chronic relapsing

inflammation of the gastrointestinal tract (likely due to

dysregulated immune response to intestinal bacteria) and

includes Crohn’s disease and ulcerative colitis. Initial

genetic analysis identified nine genetic loci that predis-

pose patients to IBD. The first gene identified in one of

these loci that predisposes patients to the Crohn’s disease

form of IBD is mutated NOD2, and recent large-scale

genome-wide association screenings identified more

than 30 other genes associated with IBD, including

IL23R, ATG16L1, IL12B, and IL10.49,50 These screen-

ings also indicate that many more so far unidentified

genes are also associated with IBD. One of the IBD

susceptibility loci, 19p13 (originally named IBD6

locus), for which the susceptibility gene still has not

been identified,50 harbors human PGLYRP2 at position

19p13.12. Thus, PGLYRP2 could be one of the human

IBD susceptibility genes in this locus. Further genotyp-

ing of IBD patients should verify this possibility. Parallel

studies in animal models of inflammatory diseases

should determine the in vivo role of PGRPs in host

response to bacteria and inflammation.

Other aspects that still need to be resolved are the

structures of the entire PGLYRP2, PGLYRP3, and

PGLYRP4, and the structures and the role of PGRP

dimers and possibly multimers. Solving the structure of

PGLYRP2 would be especially important (in view of its
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recently identified pro-inflammatory function), because

PGLYRP2 in addition to the C-terminal PGRP domain

(which harbors its amidase activity) has a long

N-terminal segment that has no homology to any other

PGRPs or to any other known proteins,4,9 lacks any

identifiable functional motifs, and is unique to

PGLYRP2, and thus may have unique functional motifs.

The exact mechanism of antibacterial activity of

mammalian PGRPs also needs to be determined. It has

been proposed that PGRPs kill bacteria by inhibiting

peptidoglycan synthesis, but this hypothesis needs to be

experimentally tested. Some PGRPs also have different

splice forms that may have different functions. For

example, pig PGLYRP2 has two splice forms, both of

which have amidase activity, but also seem to play a role

in induction of b-defensin synthesis.28 Thus, the pres-

ence and functions of PGRP splice forms need to be

determined.
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