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ABSTRACT

Sixty-four sequences containing lectin domains with homologs of known three-dimensional structure were identified
through a search of mycobacterial genomes. They appear to belong to the f-prism II, the C-type, the Microcystis virdis
(MV), and the B-trefoil lectin folds. The first three always occur in conjunction with the LysM, the PI-PLC, and the f-grasp
domains, respectively while mycobacterial f-trefoil lectins are unaccompanied by any other domain. Thirty heparin binding
hemagglutinins (HBHA), already annotated, have also been included in the study although they have no homologs of known
three-dimensional structure. The biological role of HBHA has been well characterized. A comparison between the sequences
of the lectin from pathogenic and nonpathogenic mycobacteria provides insights into the carbohydrate binding region of the
molecule, but the structure of the molecule is yet to be determined. A reasonable picture of the structural features of other
mycobacterial proteins containing one or the other of the four lectin domains can be gleaned through the examination of
homologs proteins, although the structure of none of them is available. Their biological role is also yet to be elucidated. The
work presented here is among the first steps towards exploring the almost unexplored area of the structural biology of

mycobacterial lectins.
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INTRODUCTION

Lectins are carbohydrate-binding proteins, which exert
their biological influence through the ability to recognize
specific sugar structures.|=0 They were originally isolated
from plants and their best known property was the ability
to agglutinate red blood cells. They used to be therefore
referred to as phytohemagglutinins. Subsequently, they
were found in all forms of life® with involvement in a vari-
ety of biological processes such as cell-cell interactions,
innate immunity, mitogenesis, serum glycoprotein turn-
over.”~2 With the increasing realization of the importance
of protein-carbohydrate interactions in biological recogni-
tive processes, investigations on lectins gathered momen-
tum. Until very recently, our own effort in this area has
been concerned with the structural biology of plant lec-
tins.210-19 We are now in the process of initiating work
on microbial, particularly mycobacterial, lectins.20,21

Microbial lectins have so far received less attention
than plant and animal lectins, although there have been
very well known studies on some of them including influ-
enza virus agglu’tininzz’23 and enterotoxins.24=27 Their
importance in interactions with hosts, particularly host-
pathogen interactions28-30 s being increasingly recog-
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nized. Consequently, structural studies on them have also
picked up momentum. However, studies of lectins from
mycobacteria have been few and far between. In this con-
text, we have extended our long range program on the
structural biology of mycobacterial proteins31=39 to
include lectins as well. One of the lectins, identified on
the basis of a bioinformatics search of M. tuberculosis
H37Rv genome,40 has been cloned, expressed and crystal-
lized.20 Also cloned, expressed and crystallized is another
lectin from M. smegmatis.2! Here we present a compre-
hensive thorough search of lectins of all the mycobacterial
genomes of fully or partially known sequence. This search
resulted in the identification of 94 lectins including 30
heparin binding hemagglutinins (HBHA),4! which have
no homologs with known three-dimensional structure.
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article.

Grant sponsors: the Department of Science and Technology, Government of India,
Homi Bhabha Professor, CSIR Junior Research Fellow

*Correspondence to: M. Vijayan, Molecular Biophysics Unit, Indian Institute of
Science, Bangalore 560 012, Karnataka, India. E-mail: mv@mbu.iisc.ernet.in
Received 25 August 2012; Revised 16 November 2012; Accepted 17 November
2012

Published online 24 November 2012 in Wiley Online Library (wileyonlinelibrary.com).
DOI: 10.1002/prot.24219

PROTEINS 1



K.V. Abhinav et al.

Table |

Lectin Domains Identified from Fully Sequenced Mycobacterial Genomes

Gene-ids of ORFS identified with lectin domains

Number Date of last ~ B-prism C-type B-trefoil

Organism of ORFs RefSeq modification 1l lectins lectins lectins MVL lectin HBHA

Mycobacterium avium 104 5120 NC_008595.1 02/11/11 0 0 0 118462906, 118462755 118463469

Mycobacterium avium 4350 NC_002944.2 10/22/10 0 0 0 41406213, 41407956 0
paratuberculosis K-10

Mycobacterium bovis AF2122/97 3918 NC_002945.3 10/22/10 0 0 31792613 0 31791655

Mycobacterium bovis BCG str. 3949 NC_008769.1 12/14/10 0 0 121637349 0 121636391
Pasteur 1173P2

Mycobacterium bovis BCG str. 3944 NC_012207.1 10/22/10 0 0 224989824 0 224983863
Tokyo 172

Mycobacterium bovis BCG str. 3952 NC_016804 29/2/12 0 0 378771183 0 378770225
Mexico 86889

Mycobacterium abscessus ATCC 4941 NC_010397.1 01/06/11 169629459 0 0 169628098 169631161
19977

Mycobacterium gilvum PYR-GCK 5579 NC_009338.1 10/22/10 0 0 0 145220609 0

Mycobacterium leprae Br4d923 1604 NC_011896.1 10/22/10 0 0 0 0 221230806

Mycobacterium leprae TN 1605 NC_002677.1 02/13/11 0 0 0 0 15828329

Mycobacterium marinum M 5452 NC_010612.1 10/22/10 183983753 183983058 183983958 183980194, 183983846 183980824

Mycobacterium smegmatis str. 6716  NC_008596.1 03/09/11 118468679 0 0 0 118468465
MC2 155

Mycobacterium sp. JLS 5739  NC_009077.1 10/22/10 0 0 0 0 0

Mycobacterium sp. KMS 5975 NC_008705.1 10/22/10 0 0 0 0 0

Mycobacterium sp. MCS 5615  NC_008146.1 11/22/10 0 0 0 0 0

Mycobacterium_vanbaalenii_PYR 5979 NC_008726.1 11/08/11 0 0 0 120401981 0

Mycobacterium ulcerans Agy99 241 NC_008611.1 02/14/11 118618981 0 118619073 118619042, 118619962 118619638

Mycobacterium tuberculosis F11 3941 NC_009565.1 10/22/10 0 148823290 148822639 0 148821674

Mycobacterium tuberculosis 4034 NC_009525.1 10/22/10 0 148661889 148661210 0 148660242
H37Ra

Mycobacterium tuberculosis 3988 NC_000962.2 02/13/11 0 15609212 15608557 0 15607616
H37Rv

Mycobacterium tuberculosis KZN 4059 NC_012943.1 10/22/10 0 253798868 253799531 0 253797403
1435

Mycobacterium tuberculosis KZN 3995 NC_016768 14/02/12 0 297634652 297633975 0 297632960
4207

Mycobacterium tuberculosis 4189 NC_002755.2 02/13/11 0 15841564 15840876 0 0
CDC1551

Mycobacterium africanum 3830  NC_015758.1 09/16/11 0 0 339631486 0 339630545
GM041182

Mycobacterium canettii 3861 NC_015848.1 07/20/11 0 340627086 340626433 0 340625501

Mycobacterium sp. JDM601 4346 NC_015576.1 10/12/11 333990551 0 0 333988773 333989103

Mycobacterium sp. Spyr1 5349 NC_014814.1 05/12/11 0 0 0 315442443 0

Mycobacterium intracellulerae 5149 NC_016947 10/03/12 0 0 0 379752126, 379754394 379756580
MOTT-02

Mycobacterium intracellulerae 5249 NC_016948 10/03/12 0 0 0 379759549, 379761671 379764109
MOTT-64

Mycobacterium rhodesiae 6147 NC_016604 10/02/12 0 0 0 0 354587708

The remaining 64, of which 58 have not been annotated
so far, have homologs with B-prism-II fold, C-type lectin
fold, B-trefoil fold, and MVL fold. The identification of
mycobacterial lectins, especially from pathogenic myco-
bacteria, presented here would hopefully help in future
studies on host pathogen interactions.

METHODS

Retrieval of whole genome sequences of
mycobacteria

Complete genome sequence information including the
whole genome and translated ORF protein sequences
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from a total of 30 different completed genome projects
spanning 20 distinct mycobacterial species were retrieved
from NCBI ftp server (http://www.ncbi.nlm.nih.gov/Ftp/
genomes/) on 18 March 2012 (Table I).

Domain identification in mycobacterial
sequences

Domain definition of the sequences corresponding to all
ORFs in the mycobacterial genomes was generated using the
Conserved Domain Database (CDD) web server at NCBI42
(http:// www.ncbinlm.nih.gov/Structure/cdd/cdd.shtml). Only
those sequences in which domains were designated as
lectin, adhesin, agglutinin, carbohydrate-binding protein,
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sugar-binding protein, hyaluronic acid binding protein,
chitin binding protein, neuraminyllactose-binding pro-
tein, tenascin, agrin, lectin-like, and heparin binding pro-
tein by CDD were shortlisted. Among these, sequences,
which have well established lectin homologs with known
three-dimensional structure were chosen for further anal-
ysis. The sequences shortlisted after CDD analysis were
also examined using the template based homology mod-
eling PHYRE web server (http://www.sbg.bio.ic.ac.uk/
phyre2), which searches for the profiles of the SCOP
library of proteins in the query to assign them specific
fold.43 As a further check, models from the sequences of
the accepted domains were also constructed using the
method involving secondary structure enhanced profile—
profile threading alignment (PPA) and iterative imple-
mentation of threading assembly (TASSER)44 (http://
zhanglab.ccmb.med. umich.edu/I-TASSER/). The results
obtained by employing CDD, PHYRE, and I-TASSER
were critically manually examined for the identification
of folds.

The residues involved in carbohydrate-binding in the
known homologs of the chosen mycobacterial lectins
have already been identified by several authors using
crystal structures of the sugar complexes of the relevant
lectins. Only those sequences with substantial presence of
these residues were accepted for further analysis. CDD
and PHYRE were also used to identify other, nonlectin
domains, which occur in tandem with lectin domains in
the chosen mycobacterial sequences.

Sequence based search

In addition to the approach utilizing fold recognition
explained above, a sequence based search for mycobacte-
rial lectins was also conducted to ensure the completion
of the effort.

Construction of the query database

Sequences of an initial list of query proteins were
retrieved by searching for the same keywords used in do-
main identification, in Swiss Prot%> in the ExPASy pro-
teomics server. In addition, protein sequences of well
annotated lectins with known crystal structures in PDB
were also retrieved from the comprehensive lectin struc-
tural database at http://www.cermav.cnrs.fr/lectines/. The
sequences thus retrieved were merged into a combined
database, which was then made nonredundant by cluster-
ing the sequences with more that 90% sequence identity
using a standalone version of CD-HIT.46

Sequence based identification followed by fold recognition

The identification of homologs of each of the sequence
query in the mycobacterial genomes was carried out by
using PSI-BLAST47-48 installed locally employing the
BLAST 2.2.12 package downloaded from the NCBI ftp

server (http://www.ncbi.nlm.nih.gov/Ftp/genomes/). The
translated ORF protein sequence file of each genome was
used as the database against which each protein sequence
in the query database was searched for similar protein
sequences by shell scripts compiled for running PSI-
BLAST. A total of 10 iterations were performed. The tab-
ular output generated by PSI-BLAST was parsed by
implementing filters of 110 amino acids overlap, 25%
identity within the alignment and an e-value cut-off of
0.0001. The sequences thus obtained were then put
through the fold recognition procedures described earlier.

Annotated genes in mycobacterial genomes

Genes in mycobacterial genomes annotated as lectin,
adhesin, agglutinin, carbohydrate-binding protein, sugar-
binding protein, hyaluronic acid binding protein, chitin
binding protein, neuraminyllactose-binding protein,
tenascin, agrin, lectin-like, and heparin binding protein
were also carefully examined. This examination resulted
in the addition of more lectins for further consideration.

Identification of lectins from partial
sequences of mycobacterial genomes

A search of partial genome sequences of mycobacteria
for lectins was conducted in the NR database using the
sequences of lectins already identified from the com-
pletely sequenced genomes employing NCBI-Protein
BLAST. This search, followed by the fold recognition pro-
cedures yielded more putative lectins.

Sequence comparison and visualization

Sequence comparison was carried using MatGAT,49
CLUSTALW.>0 Along with the results from CDD and
PHYRE, sequence comparison was used to define the
boundaries of appropriate domains or parts of them.
Transmembrane segments were searched using SOSUIL>1
Coot, Pymol (http://www.pymol.org) and Rasmol (http://
rasmol.org/) were used for macromolecular visualization
and binding site analysis.

RESULTS

As detailed below, the identification of 94 mycobacte-
rial lectins presented in this article has relied primarily
on fold recognition, information on the annotation of
mycobacterial genomes and the presence of appropriate
sugar binding residues. A majority of the lectins were
recognized through domain identification procedures
using CDD, PHYRE, and I-TASSER. The results were
confirmed by a sequence based approach using PSI-
BLAST. Furthermore, proteins clearly identified as lectins
through annotation of mycobacterial genomes were also
included in the analysis.
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The multipronged approach outlined in the methods
section has resulted in a reasonably robust identification
of a set of lectins or lectin domains in mycobacteria with
known or partially known genome sequences. The results
also bear testimony to the approach based on fold recog-
nition. A search through 136,817 open reading frames in
30 fully known genome sequences using CDD resulted in
60 sequences, which have homologs with known lectin
structure. PHYRE also predicted well annotated lectin
folds with good e-value (<0.001) and high precision
(>90%) for 43 out of the 60 sequences. Seventeen of the
omitted sequences were very similar to the sequence of
Microcystis virdis lectin (MVL).22 Forty-four of the 60,
which exhibited substantial presence of the appropriate
sugar binding residues, were identified as putative lectins
in mycobacteria from completely sequenced genomes.

The sequence based search involving lectin queries of
the same ORF dataset carried out in parallel yielded 39
putative lectins. Interestingly, all of them had already
been picked up by the fold recognition procedures as
well. In fact, fold recognition had resulted in five more
lectins. These five have an identity ranging from 20 to
25% with one or more of the query sequences. It is the
criterion of a minimum of 25% identity used in the
sequence search that resulted in them not being picked
up when sequence alone was used for the search. In any
case, the good convergence of the results obtained
through two different approaches with a rational expla-
nation for disagreements, adds to the confidence on the
acceptability of these results. Subsequently, the sequences
of the lectins identified from whole mycobacterial
genomes were used to identify 20 more lectins from
mycobacteria with partially sequenced genomes.

It is interesting to compare the approach adopted here
with that used by Someya et al.>3 for prediction of car-
bohydrate-binding proteins. The latter is based exclu-
sively on sequences while the approach here is primarily
based on comparison with three-dimensional structures.
Thus, the results obtained by employing the method of
Someya et al. would encompass all possibilities whereas
only ORFs with homologs, which have been established
as lectins on the basis of three-dimensional structures,
have been accepted for the present analysis except in the
case of HBHAs (see below).

There are many genes annotated as lectins or lectin
domains in mycobacterial genomes. A couple of them
have homologs with known three-dimensional structure
and they form part of the set identified on the basis of
fold recognition. The annotated genes, in addition, con-
tain 22 HBHAs from whole genomes and eight from par-
tially sequenced genomes. The three-dimensional struc-
ture of no HBHA has been determined. However, their
importance as lectins has been demonstrated.#0 There-
fore, these proteins were also included in the list of
mycobacterial lectins as a special group. Thus, the myco-
bacterial lectins or lectin domains identified in the pres-
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ent study consists of 64 sequences with homologs of
known three-dimensional structure and 30 HBHAs.

Distribution of the lectin families in
mycobacteria with completely sequenced
genomes

The lectins or lectin domains identified by analyzing
completely sequenced mycobacterial genomes (Table I)
belong to five lectin families.

p-prism Il lectins

Among the identified sequences, five involve a B-prism
II fold domain along with a LysM domain, which is
always found at the C-terminal region [Fig. 1(a)]. In
none of the sequences, B-prism II fold appears alone or
with any domain other than LysM. B-prism II fold lec-
tins occur extensively in monocots and are invariably
specific to mannose and higher oligomers.12’54’55 The
fold is threefold symmetric and roughly involves three
Greek keys, which occur in a polypeptide chain of ~110
residues. The fold has therefore been suggested to have
evolved through gene duplication and fusion of a primi-
tive motif. Each Greek key carries a sugar binding site
with a consensus sequence of Q-X-D-X-N-X-V-X-Y.
These plant lectins mostly occur as tetramers or dimers.
Some of these lectins possess antiretroviral activity56
whereas some others do not. This difference has been
explained in terms of the nature of oligomerization of
the lectin.?’ Unlike in mycobacteria, B-prism II fold lec-
tins occur independently in plants. The 50 residue long
LysM domain, which occurs in tandem with the lectin
domain in mycobacteria, is known to be a peptidogly-
can-binding module useful for bacterial cell wall degrada-
tion.>8 In other eubacteria, the B-prism II fold lectin do-
main has been reported to occur in conjunction with
LysM, PI-PLC, cysteine protease, and metalloprotease
domains.>® However, no structures of such proteins are
currently available.

Homologs of B-prism II fold lectins, along with a
LysM domain in each case, occur in M. smegmatis, M.
marinum, M. abscessus, M. sp. JDM601 and M. ulcerans
(Supporting Information Fig. 1). The consensus sugar
binding sequence occurs in all of them except for varia-
tions at the last position. Except for M. ulcerans, these
microorganisms are either nonpathogenic or only mildly
pathogenic. The combined length of the two domains
and the linker between them range between 188 and 209
residues. On an average, the lectin domain, the LysM do-
main and the linker region contain 105, 50, and 40
amino acids, respectively. The sequences from M. mari-
num and M. ulcerans are almost identical. The domains
from M. smegmatis, M. sp. JDM601, and M. abscessus
have sequence identities of 72%, 71% and 58%, respec-
tively with respect to that from M. marinum.
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Figure 1

Examples of domain organization in mycobacterial sequences containing whole or part of (a) B-prism II, (b) C-type lectin, (c) B-trefoil, and (d)
MVL domains. The accompanying domains are also indicated. The examples chosen are mentioned in the text under Discussion and in the legends

for Figures 3—6.

C-type lectins

C-type lectins have been thoroughly characterized in
animals. This carbohydrate-binding module most often
occurs in tandem with other domains.>00 A segment of
this module appears in eight mycobacterial sequences, in
each case in tandem with a part of phosphoinositide-spe-
cific phospholipase C (PI-PLC) domain, which is always
found at the N-terminal region [Fig. 1(b)]. The C-type
lectin domain in animals is ~135 amino acids long and
contains a recognizable consensus sequence rich in cyste-
ine residues, which contribute to the stability of the do-
main through disulfide bridges. C-type lectins constitute
a large family of proteins. They could be mannose spe-
cific or galactose specific. The binding sites of both are
similar, but not identical. The distribution of amino acids
at the site in the mycobacterial lectins identified here is
closer to that in mannose specific lectins. The interac-
tions at the binding site of mannose specific C-type lec-
tins involve an E-X-N/R motif followed by a glutamyl
residue after about five amino acid and then by an aspar-
aginyl residue after about a dozen residues. A similar pat-
tern is observed in the mycobacterial lectin segments.

The middle E is however replaced by a Q, which can
support most of the interactions involving E. However, N
does not occur at the expected location. A close examina-
tion of known structures shows that part of the interac-
tions involving N can be achieved by a T, which occurs
towards the C-terminus. The functions of C-type lectin
domains in animals have been well characterized. They
include those in host pathogen interactions and innate
immune response.61’62 The roughly 286 amino acid
long PI-PLC domain is an ubiquitous enzyme catalyzing
the cleavage of the sn3-phosphodiester bond in the mem-
brane phosphoinositide.®3

The segment of C-type lectins, which occurs in tandem
with part of PI-PLC domain, is found in all strains of
M. tuberculosis, M. marinum, and M. canetti (Supporting
Information Fig. 2). Sequences of the proteins from dif-
ferent M. tubercuslosis strains are identical. The sequence
of the protein from M. canetti is the same as that of the
protein from M. tuberculosis except for one substitution.
The protein from M. marinum exhibits a sequence iden-
tity of 72% with respect to that of M. tuberculosis and
M. canetti. In the domain organization, the PI-PLC
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C-ter

N-ter

Figure 2

The C-domain (dark) and the insertion involving acidic residues (light)
in the best model of the M. smegmatis HBHA predicted by I-TASSER.

domain is preceded by a transmembrane domain and fol-
lowed by the lectin domain.

p-trefoil lectins

The B-trefoil was first characterized as a lectin domain
in ricin from Ricinus communis. Ricin is a type II ribo-
some inactivating protein (RIP) containing a lectin chain
and a toxin chain held together by a disulfide bond.64
The lectin chain contains two {-trefoil domains, each
with an approximate threefold symmetry. This galactose
specific domain, roughly 140 amino acids long, has been
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suggested to have evolved through gene duplication and
fusion of a carbohydrate binding motif. Among the three
foils in each domain, only one carries the carbohydrate
binding site. Most of the protein-sugar interactions at
the site are through an individual aspartic acid residue. A
glutamyl residue, an asparaginyl residue, and an aromatic
residue are also present at the site.

The mycobacterial lectins identified from whole
genomes in the present analysis include 14 with the
B-trefoil fold (Supporting Information Fig. 3). These
proteins are not associated with any other domain
[Fig. 1(c)]. They are single domain B-trefoil lectins. They
occur in all pathogenic mycobacteria except M. leprae
and M. avium. The length of the lectin ranges from 156
to 158 amino acids. The lectins in different strains of M.
tuberculosis, M. africanum, M. canetti, and M. bovis have
nearly identical sequences. M. ulcerans and M. marinum
cluster together with more than 98% sequence identity
between them. The two clusters exhibit a sequence iden-
tity of nearly 70% between them. All the identified myco-
bacterial B-trefoil lectins have the aspartyl residue at the
binding site referred to earlier. The asparaginyl and the
aromatic residues found in lectins of the type found in
RIPs, are present in the mycobacterial lectins as well,
though at transposed but structurally close locations.

MVL lectins

The lectin from the cyanobacterium Microcystis virdis-
MVL, which is inhibitory to HIV-1, was identified to
have a new lectin fold through X-ray analysis in 2005.52
Each subunit of this dimeric lectin is made up of two
domains connected by a five residue linker. The two 54
amino acid long domains are homologs with a sequence
identity of 50% between them. Each domain binds a
complex carbohydrate. The primary carbohydrate binding
site of both the domains is characterized by a consensus
sequence element GQW.

One MVL lectin domain with an approximate length
of 50 residues occurs in 17 of the identified sequences
(Supporting Information Fig. 4). Invariably, the sequence
also contains a nearly 200 residue long immunogenic
protein with B-grasp domain from Mycobacterium tuber-
culosis with unknown function (DUF3298) [Fig. 1(d)].05
As discussed later, the two domains overlap substantially.
Interestingly, two such sequences occur in the whole
genomes of M. marinum, M. ulcerans, M. avium 104, two
strains of M. intracellulerae (MOTT-02 and MOTT-64)
and M. avium paratuberculosis while one occurs in those
of M. abscessus, M. sp. JDM601, M. vanbalenii, M. gil-
vum, and M. sp. Spyrl. The 17 sequences from the 11
whole genomes could not be clustered in any sensible
manner. The sequence identities between pairs of them
vary from 50 to 100%. The consensus sequence element
at the carbohydrate site of MVL-lectins is substantially
conserved in the mycobacterial lectin domains. In this
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Figure 3

The C-type lectin domain of lung surfactant protein, SP-A (PDB code:
1R13). The segment identified in Rv2075¢ from Mycobacterium
tuberculosis H37Rv is highlighted (in dark). The calcium ion is
indicated. The large filled circles represent sulfur atoms in disulphide
bridges. In this and the subsequent figures, sugar binding residues are
shown in ball and stick representation.

three residue element, the first is always G and the third
is always an aromatic residue. There is some variability at
the second position, which is most often a glutamine.

Heparin binding hemagglutinin

HBHA was first characterized in mycobacteria in the
19905.%6 The 199 amino acid long glycosylated protein
from M. tuberculosis has a molecular weight of 22 kDa. It
agglutinates rabbit erythrocytes and promotes mycobacte-
rial aggregation in vitro.A1,66-69 These and further stud-
ies indicated that the protein consists of a N-terminal 18
residue long trigger sequence, an 81 residue long a-helical
coiled coil domain and a C-terminal Lys-Pro-Ala rich do-
main that mediates sugar binding. The molecule exists as
a dimer in solution.08:70:71 The N-terminal and the
coiled-coil region are involved in dimerization.”2 It was
also shown that HBHA is required for the extrapulmo-
nary dissemination of M. tuberculosis.*! The lectin binds
to the sulfated glyconjugates present on the surface of the

human respiratory epithelial cells including heparin, dex-
tran sulfate, fucodian, and chondroitin sulfate.08,69 Sugar
binding is mediated by the C-terminal domain, which
contains  lysine rich  repeats (KKAAPA) and
(KKAAAKK).%8 The lectin binds heparin sulfate only
when specific lysines are methylated.”3~7> Binding of
HBHA to cell-surface sugar leads to a variety of biological
effects. It was also shown that HBHA induces receptor
mediated endocytosis through the recognition of heparin
sulfate-containing proteoglycans by the heparin binding
domain of the adhesin. It was also suggested that HBHA
induces epithelial trancytosis,’4 which may represent a
macrophage independent extrapulmonary dissemination
mechanism leading to systemic infection by M. tuberculo-
sis.70 M. tuberculosis HBHA is also known to bind the
human complement component C3 and mediate attach-
ment and phagocytosis of the pathogen by mononuclear
phagocytosis.”/ Thus HBHA mediates two critical func-
tions: adherence to epithelial cells and establishment of
pathogenesis. Although first thoroughly characterized in
M. tuberculosis, HBHA from M. leprae, M. bovis, and
M. smegmatis have also been extensively studied in recent
years.73’78’79 These results provide evidence that interac-
tions of adhesins such as HBHA with nonphagocytic cells
have an important role in the pathogenesis of tuberculo-
sis. In addition to mycobacteria, this protein has been
reported to occur in other gram positive aerobic nonspor-
ulating bacteria like Rhodococcus erythropolis, Clavibacter
michiganesis, and Nocardia farcinica, which are taxonomi-
cally very close to mycobacteria.>”

The present analysis indicates that HBHA occurs in all
but one strain of M. tuberculosis, M. leprae, M. bovis, M.
avium, M. ulcerans, M. africanum, M. canetti, M. sp JDM
601, M. intracellulerae, M. rhodesiae, M. abscessus, M.
marinum, M. smegmatis (Supporting Information Fig. 5).
Of these, the first 11 species are pathogenic to different
extents while the last two are nonpathogenic or mildly
pathogenic. HBHA from M. tuberculosis, M. bovis,
M. africanum, and M. canetti have identical sequences
and forms a major cluster. The proteins from M. leprae,
M. avium, M. marinum, M. intracellulerae, and M. ulcer-
ans cluster together with a sequence identity between
pairs of species varying between 73 and 96%. Each of
them has sequence identity in the range of 81-86% with
that of the HBHA from M. tuberculosis H37Rv and its
companions. The sequences of the protein from
M. smegmatis, M. sp. JDM601, M. abscessus, and
M. rhodesiae exhibit identities of 59-74% with respect to
that of the M. tuberculosis H37Rv. Sequence identities of
pairs among the four vary between 53 and 70%.

Lectins identified from partially sequenced
genomes

Lectins identified from partial genome sequences
(Table II) are only mentioned in passing here as they are
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(a) N-terminal domain of Microcystis virdis lectin (PDB code: 1ZHS). (b) A model of the homologs domain constructed on the basis of the

alignment shown in (c). (¢) Sequence alignment between two N-terminal domains of MVL in tandem and the first 63 residues of Mvan_0966 from
Mycobacterium vanbaalenii.

likely to be reviewed after the sequencing is completed.
Among the 20 putative lectin sequences obtained from MVL domain with the same domain organization found
partially sequenced mycobacterial genomes, 3 contain a

8 rProOTEINS

B-prism II domain, 5 a C-type lectin domain, and 9 a

in sequences obtained from the completed genome proj-
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Figure 5

(a) The lectin domains of Himalayan mistletoe (PDB code: 1YF8, B-chain). Foils in the lectin domain 1 are designated la, 1B, and 1y while those
in domain 2 are designated as 2a, 23, and 2vy. (b) Homology model of the lectin domain in Rv1419 from Mycobacterium tuberculosis H37Rv based

on the domain 1 of the lectin chain of Himalayan mistletoe lectin.

ects, in addition to three containing a (-trefoil domain.
Eight HBHAs have also been identified in sequences
from partially sequenced genomes.

DISCUSSION

Among the lectin families identified in mycobacteria,
the most important is perhaps the HBHA family. Of the

30 fully sequenced mycobacterium genomes, as many as
22 contain HBHA genes. More pertinently, available evi-
dence suggests important roles for this lectin in site spe-
cific adherence to the host and establishment of pathoge-
nesis. The site is known to involve sulfated glyconjugates.
In this context, differences between pathogenic mycobac-
teria such as M. tuberculosis and M. leprae on the one
hand and the nonpathogenic M. smegamtis on the other,

PROTEINS 9
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Table 1l

Lectin Domains Identified from Partially Sequenced Mycobacterial Genomes

Names of the lectins identified from partially sequenced genomes

Organism B-prism Il lectins

C-type lectins B-trefoil lectins MVL lectin HBHA

Mycobacterium kansasii ATCC 12478
Mycobacterium tuberculosis SUMu012
Mycobacterium tuberculosis 94_MA4241A
Mycobacterium tuberculosis GM 1503
Mycobacterium tuberculosis CPHL_A
Mycobacterium tuberculosis “98-R604 INH-RIF
Mycobacterium tuberculosis T46
Mycobacterium colombiense CECT 3035
Mycobacterium tuberculosis SUMu006
Mycobacterium rhodesiae JS60

Mycobacterium avium paratuberculosis S397
Mycobacterium abscessus 47J26
Mycobacterium intracellulare ATCC 13950
Mycobacterium avium subsp. avium ATCC 25291
Mycobacterium thermoresistible ATCC 19527
Mycobacterium parascrofulaceum ATCC BAA-614

oo oc o —~o0oo0o0o 0000 o0co o —

in the 20 amino acid peptide stretch that precedes the
C-domain is of considerable interest. The C-domain is
characterized by the presence of a number of positively
charged lysyl residues. In M. smegmatis, unlike in patho-
genic bacteria, the preceding stretch contains an insertion
involving negatively charged glutamyl residues.”8 This
insertion possibly interferes with the interaction of the
C-domain with the negatively charged complex oligosac-
charides like heparin sulfate. Modeling studies on the
proteins from M. tuberculosis, M. leprae, and M. smegma-
tis employing I-TASSER are consistent with the above in-
ference. Admittedly, results of the modeling need to be
treated with caution. However, it is interesting that the
35 amino acid long C-domain of M. tuberculosis HBHA
and the 23 amino acid long C-domain of M. leprae
HBHA always form a single helix each. However, the 41
amino acid long C-domain of M. smegmatis protein
form two antiparallel helices of unequal lengths such that
the C-terminal stretch (203-232) is in close proximity to
the insertion containing the acidic residues (Fig. 2), thus
impairing its ability to interact with the negatively
charged stretch of the host binding site.”8

The set of proteins containing a segment of the C-type
lectin domain along with a part of PI-PLC domain
presents an interesting case. This segment overlaps with a
nearly 40 amino acid long stretch of classical C-type lec-
tins (Fig. 3). The segment forms part of the sequence
motif suggested earlier by Drickamer and contains most
of the carbohydrate binding residues.f0 The location of
cysteine residues in the segment is compatible with the
location of the conserved disulfide bridge within the cor-
responding stretch in the C-type lectin. Presumably, the
conformation of the stretch in C-type lectins is depend-
ent of the rest of molecule as well. In the mycobacterial
sequences, the segment is preceded and followed by
unannotated polypeptide stretches. Perhaps one or the
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other or both the stretches help the segment to assume
the required three-dimensional structure.

Although CDD and PHYRE identified a PIPLC
domain in the mycobacterial sequences containing the
C-type lectin segment, a good sequence match for the
whole domain could not be obtained. Taking all the
results together, the match between 109 and 290 stretch
in Rv2075¢ from Mycobacterium tuberculosis H37Rv and
the 21-190 stretch of the 339 residue calcium dependent
phosphatidyl inositol-specific phosphatase from Strepto-
myces antibioticus is reasonable. The sequence identity
between the two stretches is still low, but significant at
22%. The sequence identity between the 40 residue seg-
ment of the same mycobacterial protein and SP-A is sub-
stantially higher at 30%.

The sequences containing homologs of MVL also pres-
ent a situation involving domain identification with low
sequence similarity. Both the domains of the two
domains MVL overlap individually with the N-terminal
segment of the relevant mycobacterial sequence with a
sequence identity of about 25% in the case of the typical
mycobacterial protein Mvan_0966 from Mycobacterium
vanbalenii (Fig. 4). A still better overlap with the first do-
main involving an arrangement reminiscent of circular
permutation exists. As the sequence similarity is low, it is
difficult to choose from among the very similar possibil-
ities. The balance of evidence indicates that the MVL-lec-
tin domain spans the 12-63 stretch in the mycobacterial
sequence. Unlike the other lectin domains identified in
mycobacteria, the MVL-like domains have only one hom-
olog of known structure. However, the homolog belongs
to another bacterium. Furthermore, this domain could
represent a very early carbohydrate binding motif as it
occurs in ancient organisms like the cyanobacteria. The
poor sequence similarity between the cyanobacterial
MVL and the MVL-like domains in mycobacteria
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Figure 6

(a) A subunit of garlic lectin (PDB code: 1KJ1, D-chain). (b)
Homology model of the lectin domain of protein from Mycobacterium
smegmatis based on (a).

perhaps indicates divergent evolution. However, as indi-
cated in Figure 4(a), the mycobacterial lectin Mvan_0966
forms a model similar in shape and size to the MVL do-
main, which can be constructed based on the sequence
alignment shown in Figure 4(c).

An intriguing feature of the mycobacterial sequences
containing the MVL domain is the substantial overlap
between the MVL domain and the -grasp domain. The
MVL domain appears to involve the 12-63 polypeptide
stretch in the M. vanbalenii sequence. At the same time,
the 27-218 stretch of the same sequence aligns with the
sequence of the 204 amino acid long M. tuberculosis 3-
grasp domain® with a sequence identity of 18%, thus
indicating a 36 amino acid overlap between the MVL do-
main and the B-grasp domain. Comparison between the
relevant three-dimensional structures indicates that the

region in the B-grasp domain corresponding to this 36
residue stretch could constitute a MVL-domain sans the
first long B-strand and part of the helix. Therefore, the
possible ability of the B-grasp domain to bind sugar mer-
its further exploration.

The sequence similarity between mycobacterial B-tre-
foil lectin domains and their plant homologs, although
low, presents an interesting situation, which is best illus-
trated by comparing the two (Fig. 5). The bacterial pro-
tein contains one trefoil domain each while the lectin
chain of the well established Type II RIPs accounts for
two such domains. As indicated earlier, each domain is
believed to have originated through successive gene
duplication, fusion, and divergent evolution of a primi-
tive carbohydrate-binding motif. In this regard, the
sequence identity between pairs of foils in the typical
mycobacterial lectin Rv1419 from Mycobacterium tubercu-
losis H37Rv varies between 16 and 24%. In the lectin do-
main 1 of Himalayan mistletoe,80 the range is 10-21%
in domain 1 while it is 14-23% in domain 2. The
sequence identity between the foils in domain 1 and
those in domain 2 varies between 14 and 20%. The
sequence identity between the foils in domain 1 of Hima-
layan mistletoe lectin and those in Rv1419 ranges
between 11 and 22%. The corresponding values when
domain 2 is used are 14 and 22%. Thus, the foils in the
selected plant lectin and the mycobacterial lectin exhibit
nearly the same degree of relatedness irrespective of
whether the comparison is between the foils of the same
domain, two different domains or from a plant and a
bacterium. This could perhaps mean that the primitive
carbohydrate-binding motif referred to earlier is of very
ancient origin.

The mycobacterial sequences containing the B-prism II
fold presents the simplest case of domain identification.
The lectin domain of the sequence from M. smegmatis,
for instance, has a sequence identity of 44% with garlic
lectin®7>81 a2 well known B-prism II fold plant lectin.
The LysM domain of the same ORF exhibits a sequence
identity of 40% with the MoCVNH LysM module of the
rice blast fungus Magnaporthe oryzae protein.32 The
sequence identity among the three Greek keys in garlic
lectin is around 30%. The corresponding value in the M.
smegmatis lectin is around 40%. Indeed among the
mycobacterial domains identified in the present study,
those with the B-prism II fold exhibit the maximum sim-
ilarity with the homologs from other sources with known
three-dimensional structure (Fig. 6).

Dozens of lectin domains have been identified through
structural, primary X-ray crystallographic, studies. Inter-
estingly, only 5 of them appear to occur in mycobacteria.
Of these 5, the functional role of only one, namely,
HBHA, has been studied thoroughly. The molecular
structure of this protein is, however, yet to be established.
The only structural investigations reported on mycobac-
terial lectins so far are accounts of crystallization and
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preliminary X-ray studies on a M. tuberculosis lectin20
and a M. smegmatis lectin domain?! that emanated from
this laboratory. Biochemical characterization of the M.
tuberculosis lectin Rv1419 has also been reported indicat-
ing its ability to agglutinate rabbit erythrocytes.g3 Thus,
mycobacterial lectins constitute a largely unexplored area.
Recognition of specific carbohydrates is important in
cell-cell interactions including host-pathogen interac-
tions. Therefore, mycobacterial lectins merit a thorough
study. The effort presented here is a systematic attempt
to enable such a study, which has already been initiated
in this laboratory.
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