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Summary

Leucine-rich repeats (LRRs) are versatile binding motifs found in a variety of proteins and
are involved in protein-protein interactions. The LRR domain is composed of repeats
forming a characteristic solenoid horse-shoe structure, which provides a scaffold for
numerous insertions involved in binding to pathogen-associated molecular patterns and
surface receptors. LRRs have been shown to be involved in the host defense systems of
both plants (resistance genes) and mammals (Toll-like receptors and nucleotide-binding
oligomerisation domain proteins), where they sense specific pathogen-associated mole-
cules and activate the innate immune system. Paradoxically, LRRs have also been shown
to be part of microbial virulence factors involved in the interaction with host cells and
establishment of infection. The potential of LRRs to bind a vast array of structurally unre-
lated ligands and their well-documented involvement in microbial pathogenesis make
them a potential target for vaccines and new drugs. The recent identification of LRRs in
the obligate intracellular protozoan parasite Leishmania and their participation in the
macrophage-parasite interaction have added new insight into the role of LRRs in the host
cell invasion.
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INTRODUCTION

The first array of leucine-rich repeats (LRRs) was
identified in the sequence of a leucine-rich α2-glyco-
protein of human serum73, and since that time the list
has expanded to at least 200 proteins35. The LRR
domains were predicted to form distinct modules that
could be incorporated into a variety of proteins, and
in fact LRR motifs are very common throughout the
phylogenetic kingdom. The motif consists of irregu-
larly spaced but conserved leucine residues, particu-
larly the LxxLxL motif, which forms a β-strand.
Additional residues are unique to each particular
motif, but these tend to differ among the different
proteins. The more closely related the proteins struc-
turally and functionally, the more similar the unique
amino acids. In general, the β-sheet structure is high-
ly conserved among different proteins, while the
remaining regions display more variation7, 38. The
motif’s β-strand and α-helix units are connected in
loops and arranged parallel to a common axis, form-
ing a non-globular, horseshoe structure7, 35, 38, 40. The
β-sheets cover the concave face of the horseshoe
structure, while the helices flank its outer circumfer-
ence. The entire structure is compact and stabilized
by disulfide linkages. 

The crystal structure of the porcine ribonuclease
inhibitor was the first to reveal the horseshoe shape
of the motif and its characteristic arrangement of β-
-sheets and α-helices36. Subsequently, structures of
several other LRR-containing proteins and protein
complexes featuring motifs of different length were
determined14, 39, 45, 49, 61. All the structures showed
striking similarities despite some differences in over-
all shape, ranging from a slightly bowed tube to the
now classic horseshoe shape40.

Kajava35 subdivided the LRR domains into 6 subfam-
ilies based on their length and consensus sequence.
These include typical, ribonuclease inhibitor-like,
bacterial, plant, cysteine-containing, and SD22-like
subfamilies. Proteins in different families tend to
share features such as cellular localization, origin,
and flanking sequences. Importantly, there seems to
be some functional overlap between motifs displaying
sequence homology.

All known LRR-containing proteins have been impli-
cated in protein-protein interactions7, 38. They partic-
ipate in a wide range of processes, such as DNA
repair, cell adhesion, signal transduction, develop-
ment, transcription, and RNA processing. There are
no obvious features shared between the ligands and
receptors of the LRR domains that have been
described to date. This indicates that LRRs are a ver-

satile binding motif that can accommodate ligands
with minimal sequence identity and make unique and
strong interactions with them. Therefore, it is hardly
surprising that LRR motifs have been exploited by
both hosts and microbes in the “war of the DNAs”11.
The former can utilize them to recognize pathogen
molecules or pathogen-specific molecular patterns,
whereas the latter can use LRRs to attach to the host
cell and/or gain entry into it. Here we review the
involvement of the LRR motifs in host-pathogen
interactions, with emphasis on recent studies on the
functional and structural characterization of leishma-
nial proteins containing LRR domains, which are
implicated in Leishmania-macrophage interaction
and establishment of infection.

LRRS IN HOST-PATHOGEN INTERACTIONS: 
THE HOST’S PERSPECTIVE

LRRs in plant defenses

Plant-pathogen interactions involve the interaction
between the product of the pathogen avirulence gene
and the host resistance (R) gene and result in the
hypersensitive response7, 12. The absence of one of the
genes or lack of a functional protein encoded by one
of the genes results in disease. There is a wide range
of pathogen-resistance genes, which encode proteins
grouped in only 5 different classes. The striking fea-
ture of R genes is the presence of LRR motifs.

The majority of plant disease-resistance genes identi-
fied to date belong to the cytoplasmic nucleotide-
-binding site (NBS)-LRR class12, 48. Apart from the
LRR domain, these gene products also contain a
NBS, which forms part of a larger domain with
homology to interleukin (IL)-1 receptors and may
also have coil-coiled domains. Other products of the
R genes are membrane associated and feature extra-
cellular LRRs. The specificity of the plant disease-
-resistance genes is confined to the LRR domains,
which are either directly or indirectly involved in lig-
and-binding. NBS-LRR R proteins can also form pro-
tein complexes which function as a receptor for many
fungal and bacterial ligands12, but in this case LRRs
are not directly involved in the actual ligand recogni-
tion. Studies conducted on the plant defense mecha-
nisms and R genes are rather sparse, but recently pub-
lished reports indicate that NBS-LRR genes and their
products are ubiquitous in plants such as barley48,
wheat71 or Arabidopsis, where 149 NBS-LRR genes
were identified encoding proteins able to detect a vast
range of diverse pathogen-derived ligands54. 

Some insight into the structure and function of the
plant-specific LRR protein family was recently pro-
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vided with the elucidation of the crystal structure of
polygalacturonase-inhibiting protein (PGIP), which
is involved in plant defense against many phytopath-
ogenic fungi14. This molecule has a unique architec-
ture, which consists of two β-sheets most likely to be
conserved in other plant LRR-containing proteins.
The PGIP also possesses a cluster of negatively
charged amino acids on the concave surface of the
molecule’s structure, which are involved in binding of
polygalacturonases released by fungi.

Mammalian LRRs

Recent findings have demonstrated that there are
similarities between the pathogen-associated molecu-
lar pattern (PAMP) receptors in animals and recog-
nition complexes involved in plant defenses, both of
which comprise LRRs and probably share a common
evolutionary origin59. PAMPs are recognized by pat-
tern recognition receptors (PRRs), which distinguish
between self structures and microbial structures and
transduce this recognition signal to activate host
innate immune responses. The recognition of
PAMPs is carried out by a variety of molecules
belonging to the Toll-like receptor (TLR) family52, 68,

74, nucleotide-binding oligomerisation domain
(NOD) protein subfamily31, 33, and NALP (for
NACHT (for NAIP – neuronal apoptosis inhibitory
protein, CIITA – MHC class II transcription activa-
tor, HET-E – incompatibility locus protein from
Podospora anserine and TP1 – telomerase-associated
protein), LRR and pyrin domain (PYD) domains)
subfamily9, 75. All of these families of molecules form
part of the innate immune system, the most ancient
and universal system of defense. In many organisms,
such as plants and insects, it is the sole means of
defense against microbial attack since, unlike verte-
brates, these organisms lack an adaptive immune sys-
tem. The innate immune system consists of many sol-
uble and cell-associated receptors as well as effector
cells involved in host-pathogen interaction1.

The TLRs are an ancient group of molecules first
identified in Drosophila, where they are involved in
antifungal42 and antibacterial23 responses and form a
part of the innate immune system. The TLRs form a
group of pattern-recognition receptors essential for
the induction of the rapid response characteristic of
innate immunity. They are expressed by a variety of
cells, such as monocytes/macrophages, different sub-
sets of dendritic cells and mast cells, as well as other
cells contributing to inflammatory responses74. Their
most striking characteristic is the presence of an
extracellular LRR domain and an intracellular
Toll/IL-1 receptor (TIR) domain. The LRRs act as
ligand-recognition domains and they also play a role

in signal transduction52. The ability of TLRs to sense
a large variety of molecules, such as bacterial lipopro-
tein and lipopolysaccharide, peptidoglycan, CpG
oligodeoxynucleotides, flagellin, as well as additional
fungal and yeast PAMPs68, 77, makes them a critical
arm of the host defense system. Recently, TLRs have
been shown to also recognize glycolipid molecules in
protozoan parasites such as Trypanosoma cruzi8 and
Leishmania13, 58.

While the TLRs act as membrane PRRs, there are
also cytosolic proteins executing a similar function.
These have been grouped into the NOD family of
proteins. To date, only two members of the NOD
family have been identified, namely NOD1 and
NOD2. Both are structurally related to the NBS-
-LRR class of plant R proteins. They are composed
of a caspase-recruitment domain (CARD), the NOD
domain, and a stretch of LRRs at the carboxy termi-
nus of the protein31. The LRRs present in NODs
have been shown to be involved in the PAMP-recog-
nition process, and act as cytosolic pattern-recogni-
tion receptors recognizing the same conserved struc-
tures as TLRs28, 32, 60. An intriguing role for these
molecules in the etiology of Crohn’s disease, a chron-
ic inflammatory bowel disease, is currently the focus
of much interest28, 60.

Another family of cytosolic proteins structurally
related to plant R proteins and NODs is the recently
discovered NALPS subfamily. These are NBS-LRR
proteins which contain a PYD domain instead of the
CARD domain found in NODs9. There are 14 NALP
protein-encoding genes in the human genome, all of
which are more or less identical structurally, and fea-
ture an LRR-rich C-terminal region75. This family of
proteins is involved in bacteria-induced inflammation
and the formation of the caspase-NALP complex
known as the inflammasome. The mechanisms that
NALPs employ to form the inflammasome remain to
be elucidated. However, it has been postulated that
NALPs are activated through the detection of micro-
bial patterns by their LRRs 9.

LRRS IN HOST-PATHOGEN INTERACTIONS: 
THE MICROBES’ PERSPECTIVE

As described above, the LRR domains present
in plant and mammalian proteins are major players in
the host defense against pathogens. Their role in the
recognition of bacterial PAMPs has been well docu-
mented (reviewed in74), and there is mounting evi-
dence that they are also involved in innate immunity
to many parasites8, 51. Paradoxically, many pathogens,
such as bacteria and protozoan parasites, appear to
utilize LRRs for the exactly opposite purpose, that is
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to invade the host cell and/or suppress the host
defenses.

Bacterial virulence factors-containing LRR domains

Internalins of Listeria monocytogenes (Li. monocyto-
genes) are the most extensively studied bacterial pro-
teins containing LRR domains. There are at least
nine proteins in this family; all contain 22-residue
LRRs (reviewed in49) and have been implicated in
the invasion of mammalian host cells. The exact func-
tion of all of them has not been elucidated to date,
but internalin A (InlA) and InlB have been studied
extensively. InlA mediates entry into intestinal
epithelial cells, while InlB promotes invasion of
hepatocytes, fibroblasts and endothelial cells46. These
ligands utilize the host receptors E-cadherin and
gC1q-R/p32, respectively4, 67. It has been shown that
InlB is necessary and sufficient to promote entry into
mammalian cells6, 62. Moreover, the LRR domain is
the region of InlB responsible for entry and initiation
of signal transduction5, 50, and antibodies directed to
the LRR region block cell invasion by Li. monocyto-
genes53.

Other bacterial virulence factors possessing an LRR
domain include Yersinia pestis (Y. pestis) YopM pro-
tein44, Salmonella typhimurium SspH1 and SspH2
secreted proteins55 and SlrP protein76, and Shigella
flexneri IpaH protein21. YopM is the primary viru-
lence factor of Y. pestis and displays thrombin-bind-
ing activity, although that seems to be a function of a
small pool of extracellular YopM25, 43. Proteins
expressed by the enteric bacteria Salmonella and
Shigella have been shown to be involved in the inhibi-
tion of nuclear factor (NF)-κB-dependent gene
expression and as such contribute to bacterial persis-
tence and colonization of host tissues20.

LRR-CONTAINING PROTEINS
OF PROTOZOAN PARASITES

Recent studies have described LRR-containing pro-
teins in protozoan parasites, but these have not been
as well characterized as those of pathogenic bacteria.
However, it is likely that protozoan proteins with
LRR motifs have a role in virulence in these para-
sites, as they do in bacteria.

The waterborne protozoan parasite Giardia lamblia
possesses three cyst wall proteins, each containing
LRR domains47, 57, 72. These proteins participate in
the formation of a protein complex which is targeted
to the encystation-specific secretory granules before
incorporation into the cyst wall. The LRRs mediate
the association of these proteins to the cell wall and

the formation of its fibrillar structure24. An LRR-
-containing protein has also been identified in
Trypanosoma brucei (T. brucei). In these organisms,
antigenic variation of the surface coat is controlled by
specific expression sites where expression site-associ-
ated genes (ESAG) have also been localized63, 65, 70.
The ESAG8 protein is almost exclusively composed
of LRRs, but also contains a putative DNA-binding
zinc finger65. The cytoplasmic pool of ESAG8 has
been shown to interact with a Pumilio family protein,
PUF1 (Pumilio/FBF (Fem-3 mRNA binding fac-
tor))27, which is essential for cell viability and is an
RNA-regulatory protein. Recently, a novel protein
containing 12 LRRs has been identified in T. vagi-
nalis26. The protein, named TvBspA-like-625, is
thought to be involved in interactions between T.
vaginalis and the vaginal epithelial cells as well as the
host extracellular matrix proteins, both of which are
required for the parasite to establish a vaginal infec-
tion.

LEISHMANIAL PROTEINS-CONTAINING LRRS

LRR-containing proteins such as proteophosphogly-
can (PPG)30 and parasite surface antigen (PSA)-234

have recently been identified in the extracellular gly-
cocalyx of Leishmania. Leishmania are protozoan
parasites that shuttle between blood-feeding sand-
flies, where they grow as flagellated promastigotes,
and mammalian hosts, where they exist as obligate
intracellular amastigotes in phagocytes. The parasites
cause a disease known as leishmaniasis, with clinical
manifestation ranging from self-healing skin lesions
to severe systemic disease and even death. A critical
point in the host-parasite interaction involves the
attachment to and invasion of host macrophages, ini-
tially by the promastigotes and subsequently by
amastigotes. Both promastigotes and amastigotes use
receptor-mediated phagocytosis for invasion17, 19, and
a number of host receptors and leishmanial mole-
cules are involved in this complex interaction19, 66.

On the parasite side, membrane glycoconjugates, such
as the 63 kDa protease leishmanolysin (gp63),
lipophosphoglycan (LPG) and PPG, have been impli-
cated in the attachment and invasion of host
macrophages17, 18. LPG and PPG are expressed extra-
cellularly and are ideally placed to interact with recep-
tors on host macrophages. It has been previously
shown that secreted PPG can bind to macrophages
and modulate their biology64. It was assumed that this
interaction was mediated by glycans shared by PPG
and LPG. However, when the gene encoding a mem-
brane-bound PPG was cloned30, sequence analysis
revealed the presence of an LRR motif with remark-
able similarity to the LRRs previously described in
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members of the PSA-2 family of glycoproteins34, 56.
There are some striking similarities between PPG and
PSA-2 and the listerial internalin family. For example,
both PPG and PSA-2 are encoded by gene families
and are expressed as secreted and membrane-
anchored forms. Given the proven role of internalins
in host cell invasion, it is likely that PPG and PSA-2
are also involved in similar processes. Recent studies
in our laboratory have demonstrated that PSA-2 binds
to macrophages via the complement receptor 3 (CR3)
and that the monoclonal antibodies directed against
the LRR region of PSA-2 inhibit macrophage inva-
sion (Kêdzierski et al., manuscript submitted). An
analogous type of interaction between LRR and CR3
has been described for the platelet glycoprotein Ibα,
which binds to leukocyte CR369. Binding has been
mapped to the glycoprotein Ibα LRR domain and the
I (inserted) domain present on the CD11b subunit of
CR3. The I domain has been shown to be a major lig-
and-binding domain of CR315.

Analysis of the predicted PSA-2 and PPG protein
sequences revealed that the similarity extends
beyond the LRR and includes a di-cysteine motif
located N-terminal to the LRRs. Cysteine clusters
often flank LRR domains, particularly at the C-ter-
minal end of the LRR motif, although N-terminal
motifs have been identified as well35, 37. A cysteine-
rich motif, designated as NF domain, for N-terminal
cysteine-containing flanking domain, has been
described by Kajava35. Our recent analysis of the
LRR domains of the PPG and PSA-2 from
Leishmania major, L. amazonensis, L. chagasi, L.
infantum and L. tropica identified a novel motif con-
taining two cysteines which was located N-terminal to
the LRR domain. This motif is not restricted to
Leishmania, but is also found in the same location in
other LRR-containing plant and parasite proteins of
Arabidopsis thaliana, Aegilops tauschii and Ozyra sati-
va, and the cyst wall proteins of Giardia (Fig. 1A).
Interestingly, in PSA-2 polypeptides from different
Leishmania species the di-cysteine motif is located at
a similar distance of 43-44 amino acids N-terminal to
the LRR domain. In PPG, the LRRs are present in a
main block as well as scattered single motifs. In PPG
the di-cysteine motif is located upstream of the single
LRR domain between amino acids 153-176. This
places the motif at an equivalent distance from the
first LRR repeat as in the PSA-2 sequences.
Although conserved, the distance between the di-cys-
teine motif and the LRR is much shorter in plant and
Giardia proteins and varies between 26 to 28 residues
from the first LRR motif (Fig. 1A).

The consensus sequence of the di-cysteine motif
(CxWxxxxC) contains highly conserved cysteine

residues as well as a single tryptophan residue (Fig.
1B). The cysteine residues most likely form a disul-
fide bridge, while the single tryptophan residue may
be important for the stability of the entire structure,
a function that has been previously demonstrated for
tryptophan residues16. Such conservation in both the
sequence and location of the motif in several diverse
proteins suggests a common functional and/or struc-
tural role. There is evidence that LRR domains can
fold as independent protein modules and therefore
can be easily linked to other domains without steric
hindrance38. Flanking cysteine clusters in several
LRR-containing proteins, including the TLRs22 and
small proteoglycans41, have been shown to form
intrachain disulfide linkages that are thought to
define and separate the LRRs from other domains in
the protein3. It is likely that the di-cysteine motif
plays a structural role and is involved in exposure of
the LRR, thus facilitating contact between the LRR
domain and its interacting partner molecules. 

In the case of Leishmania, the additional motif may
influence folding of the LRR domain or may pro-
mote dimerization, contributing directly to parasite
attachment and host cell invasion. A similar observa-
tion was made with the LRRs of InlB of Li. monocy-
togenes, which was more effective at promoting bac-
terial internalization when linked to an adjacent
“inter-repeat” sequence6. It has been also demon-
strated that the N-terminal cysteine residues of gly-
coprotein Ibα form a β-hairpin with disulfide bonds
linking the β-strands of LRR, thus stabilizing the
LRR structure29.

The LRR-containing proteins of Leishmania possess
all the attributes found in LRR-containing bacterial
virulence factors. Their striking similarity to the Li.
monocytogenes internalin family strongly suggests
that LRRs in PPG and PSA-2 are involved in the
macrophage invasion process and contribute to the
overall pathogenesis of Leishmania.

CONCLUSIONS

Discovery of a LRR domain allowed the identifica-
tion of a large number of proteins containing such
domains. Since LRRs are implicated in protein-pro-
tein interaction, it is not surprising that they are
involved in host-pathogen interactions and are
exploited by both host and pathogens. It has been
postulated that LRRs form a versatile scaffold that
can accommodate a variety of functional insertions,
thus allowing recognition of a vast array of ligands2.
Their presence in a diverse range of host microbial-
recognition proteins (TLRs, NODs) implies evolu-
tionary conservation of the innate immune defenses.
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Figure 1. Leucine-rich repeats (LRRs) in protozoa and plants. A – schematic representation of the relative positions of LRR motifs and the
associated conserved, C-terminal-flanking di-cysteine sequence in Leishmania species, Gardia lamblia (G. lamblia) cyst wall proteins, and
plant species Arabidopsis thaliana (A. thaliana), Aegilops tauschii (Ae. tauschii) and Ozyra sativa (O. sativa). B – sequence alignment of 21
sequences from protozoan and plant species containing the CxWxxxxC di-cysteine motif. The alignment was generated using Clustal W with
minimal manual editing. Clones 2.1, 2.5, 4.6, and 6.4 and seq 01, 03 and 07 belong to the Leishmania major (L. major) PSA-2 family of genes
and represent separate genes. New sequences of seq 01, 03 and 07 were identified by NCBI BLAST searches of the L. major genome on a
chromosome fragment designated LMFLCHR12 (L. major chromosome 12/24 clone Chr.12/24 strain Friedlin), which also contains the previ-
ously identified clones 2.1, 2.5, 4.6, and 6.4. GenBank accession numbers are given on the right of each sequence.



The recent discovery of a scavenger receptor-like
protein in Plasmodium falciparum (P. falciparum)10

which comprises several domains associated with
PRRs raises the intriguing possibility of convergent
evolution of defense mechanisms in protozoan para-
sites. The presence of LRR domains in these mole-
cules remains to be determined, but several contigs

containing LRRs have been already identified in the
recently completed P. falciparum genome 51.
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