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Abstract

Mannose-binding lectins can specifically recognize and bind complex glycan structures on
pathogens and have potential as antiviral and antibacterial agents. We previously reported the
structure of a lectin from an archaeal species, Mevo lectin, which has specificity toward terminal
1,2 linked manno-oligosaccharides. Mycobacterium tuberculosis expresses mannosylated struc-
tures including lipoarabinomannan (ManLAM) on its surface and exploits C-type lectins to gain
entry into the host cells. ManLAM structure has mannose capping with terminal «Man(1,2)aMan
residues and is important for recognition by innate immune cells. Here, we aim to address
the specificity of Mevo lectin toward high-mannose type glycans with terminal «Man(1,2)aMan
residues and its effect on M. tuberculosis internalization by macrophages. Isothermal titration
calorimetry studies demonstrated that Mevo lectin shows preferential binding toward manno-
oligosaccharides with terminal «Man(1,2)aMan structures and showed a strong affinity for Man-
LAM, whereas it binds weakly to Mycobacterium smegmatis lipoarabinomannan, which displays
relatively fewer and shorter mannosyl caps. Crystal structure of Mevo lectin complexed with a
Man7D1 revealed the multivalent cross-linking interaction, which explains avidity-based high-
affinity for these ligands when compared to previously studied manno-oligosaccharides lacking the
specific termini. Functional studies suggest that M. tuberculosis internalization by the macrophage
was impaired by binding of Mevo lectin to ManLAM present on the surface of M. tuberculosis.
Selectivity shown by Mevo lectin toward glycans with terminal «Man(1,2)aMan structures, and its
ability to compromise the internalization of M. tuberculosis in vitro, underscore the potential utility
of Mevo lectin as a research tool to study host-pathogen interactions.

Key words: avidity-based interactions, carbohydrate specificity, cross-linking binding mode, Mevo lectin, Mycobacterium tubercu-
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Introduction

Lectins are a class of carbohydrate-binding proteins of nonimmune
origin and are found in all three kingdoms of life (Drickamer and
Taylor 1993; Loris. 2002; Vijayan and Chandra 1999; Sharon 2007;
Pérez et al. 2015; Feinberg et al. 2017; Sivaji et al. 2017). They have
the ability to specifically recognize and bind carbohydrate structures
present on pathogens and have been reported to show antiviral and
antibacterial activity (Dam and Fred Brewer 2009; Wesener et al.
2017; Acosta and Lepenies 2019). The glycan structures displayed
on the surface of many pathogens frequently play important roles
in their transmission and entry into target cells (Vigerust et al.
2007). Mycobacterium tuberculosis is a deadly pathogen, responsible
for 10.4 million new cases and close to 1.5 million deaths a year
(Global tuberculosis report 2019). Many pathogens, including M.
tuberculosis use high-mannose structures present on their surface
to enter into host cells (Ernst 1998; Turner and Torrelles 2018).
M. tuberculosis primarily establishes infection by invading alveolar
macrophages (M¢s) and dendritic cells (DCs). It has been shown that
mannose-binding C-type lectins present on M¢s and DCs, namely,
macrophage mannose receptor (MMR) and DC-specific intercellu-
lar adhesion molecule-3-grabbing nonintegrin (DC-SIGN) help M.
tuberculosis to invade M¢s and DCs, respectively. Most pathogenic
mycobacterium species including M. tuberculosis harbor mannosy-
lated structures, such as cell-surface glycolipids, phosphatidylinositol
mannosides (PIMs) and mannose-capped lipoarabinomannan (Man-
LAM) on their cell surface. M. tuberculosis infects host M¢s and DCs
by ligation of MMR and DC-SIGN via the mycobacterial surface-
exposed ManLAM and PIMs (Schlesinger 1993; Tailleux et al. 2003;
Torrelles et al. 2006; Ehlers 2010).

Many mannose-binding lectins from plant and other sources are
shown to have antiviral and antibacterial activity by recognizing the
high-mannose structures (Driessen et al. 2012; Covés-Datson et al.
2020; Lusvarghi and Bewley 2016; Mitchell et al. 2017). A number
of mannose-binding lectins are shown to have anti-HIV activity by
recognizing the high-mannose structures present on GP140/GP120
thus neutralizing HIV (Zidtkowska et al. 2006; Akkouh et al. 2015;
Mazalovska and Kouokam 2018; Jayaprakash et al. 2020). One
such lectin, cyanovirin-N (CV-N), has been reported to reduce the
infectivity of the Ebola, Hepatitis C and HIV-1 viruses by targeting
surface-exposed mannosylated proteins (Boyd et al. 1997; Tsai et al.
2004; Xiong et al. 2010). A study investigated the ability of CV-N to
inhibit M. tuberculosis infection, since M. tuberculosis also expresses
mannosylated structures on its surface. Surprisingly, despite having
mannosylated structures on both M¢s and DCs, CV-N competed
with the C-type lectins, DC-SIGN and mannose receptor for ligand
binding and inhibited the binding of M. tuberculosis to DCs but
not to M¢s (Driessen et al. 2012). However, many of these antiviral
or antibacterial lectins show cytotoxicity/mitogenicity, making them
less attractive therapeutics (Borrebaeck and Carlsson 1989; Huskens
et al. 2008; Singh et al. 2014).

Studies on microbial lectins are few and far between compared to
those from plants and animals, although there have been important
studies on a few prokaryotic lectins (Boyd et al. 1997; Jayaraman
etal.2005; Kaus et al. 2014). One focus in our laboratory has been on
mycobacterial lectins and recently we extended our efforts to investi-
gation on lectins from archaeal species (Patra et al. 2014, 2016, Abhi-
nav et al. 2013, 2016). We previously reported a mannose-binding
lectin, Mevo lectin, from an archaeal species with an unusual hep-
tameric structure and its interactions with manno-oligosaccharides
(Sivaji et al. 2020). Here, we present crystallographic, solution and
functional studies on interactions of Mevo lectin with high-mannose

structures having «Man(1,2)eMan at the nonreducing end. Mevo
lectin showed high specificity toward a mannotetrose (Man4) and
a mannoheptose (Man7D1) with «Man(1,2)aMan at the nonre-
ducing end. These oligosaccharides are the terminal part of the
glycans which are abundantly present on many pathogens including
M. tuberculosis (Turner and Torrelles 2018). Additionally, Mevo
lectin shows exquisite specificity toward the M. tuberculosis lipoara-
binomannan (ManLAM) compared to Mycobacterium smegmatis
lipoarabinomannan (MsmLAM). Our functional studies demonstrate
that Mevo lectin affects the M. tuberculosis internalization by M¢s.
It does so by interacting with mannosylated caps of ManLAM on
the cell-surface. Taken together, these studies reveal the specificity
of Mevo lectin toward the terminal @Man(1,2)aMan containing
manno-oligosaccharides. Its efficacy against M. tuberculosis in vitro
and its noncytotoxic nature highlights its potential as a research tool
and paves the way to test its efficacy in animal challenge models.

Results and discussion

Determination of affinity for manno-oligosaccharides
(Man4 and Man7D1) and glycans with terminal
aMan(1,2)aMan by isothermal titration calorimetry
Previously, isothermal titration calorimetry (ITC) was used to
characterize the binding of Mevo lectin to mannose, two dimannoses,
1 trimannose and 1 pentamannose, and the results showed that
it binds to mannose and mannose-containing sugars (branched
manno-oligosaccharides with 1,3 and 1,6 linkages) with millimolar
affinity (Sivaji et al. 2020). We have now extended this analysis
to study a larger branched oligomannose, mannoheptose (¢Man(1,
2)aMana(1,2)aMan(1,3)[aMan(1,3)[«Man(1,6)JaMan(1,6)Ja Man;
referred to as Man7D1) with a aMan(1,2)aMan(1,2)-aMan
structure (D1 arm), eMan(1,3)aMan(1,6)aMan (D2 arm) and a
single «Man (D3 arm) at its nonreducing ends (Fig 1A). Plot of
incremental heats evolved as a function of the molar ratio of the
ligand to the protein (Fig 1B) could not be fitted satisfactorily using a
single set of sites for the reaction (Fig 1C). However, ITC curves could
be fitted to two sets of sites binding model (Fig 1D). The two sets
of sites differ from each other in their binding affinity for Man7D1
by 50-fold, suggesting that the two arms of Man7D1 interact with
the binding sites with varying tenacity on the subunits located in
the adjacent/symmetry-related heptamers observed in the crystal
structure. A cooperative effect appears to contribute to the observed
enhancement in the affinity of Man7D1, in addition to the extended
interactions noted for the D1 arm of Man7D1 in the secondary site
of Mevo lectin by X-ray crystallographic studies discussed later. ITC
data reported earlier for mannotriose and mannopentose, in contrast,
could be fitted to a single set of sites though their «Man1,3 and
aManl,6 ends too occupy binding sites on the adjacent/symmetry-
related heptamers. This is not surprising as both mannotriose and
mannopentose interact with the lectin through their nonreducing
end terminal mannosyl residues only. The high and low affinity sites
of Man7D1 show values of binding constants that are 6.6 x 10*
(1.4 x 10’M7") and 1.1 x 10° (2.5 x 10°M™!) times stronger
than that observed for mannotriose/mannopentose, respectively
(Sivaji et al. 2020).

The striking enhancement in the affinity for Man7D1 over that
observed for mannotriose or mannopentose appears to be related
to the oligomeric nature together with the unusual supra-molecular
architecture of the Mevo lectin-branched manno-oligosaccharide
complexes. A careful examination of the complexes of Mevo
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Fig. 1. (A) Schematic diagrams of Man7D1. Key defining linkages between mannose residues (adopted from Feinberg et al. 2017) are given on the right. Shown
in green are the mannose residues for which the electron density is well defined in the crystal structure of the Man7D1 complex. D1, D2 and D3 arms of Man7D1
are labeled. (B) Isothermal titration calorimetry (ITC) data for Man7D1. Heats evolved upon incremental addition of successive injections of Man7D1 solution
(1 mM) to protein (100 pM) in the ITC cell at 25°C. Plots of total heat released as a function of the molar ratio of Man7D1 to protein for the above titration using

(C) single set of sites and (D) two sets of sites.

lectin with mannotriose, mannopentose and mannoheptose, along
with the thermodynamic parameters reveals that the existence of
three, four and six cross-links, respectively, in the complexes is
accompanied by a progressive gain in entropies which amount to
1.77,2.52 and 5.4 kcal mol™! over the average value of the change in
entropy observed in the interactions of the two mannodisaccharides
examined (Supplementary Table SI). This in turn suggests that a
restriction of conformational mobility plays a key role in the observed
thermodynamics of lectin-branched oligosaccharides complexes
investigated. This is related to the effort involved in the formation
of cross-linked complexes of defined stoichiometry and geometry
from variously liganded heptamers floating free in solution and their
consequent stabilization by cross-linking. This most likely results in
a positive AS value. The observation of a positive change in entropy
is often associated with predominance of nonpolar interactions in
the stabilization of protein-ligand complexes in aqueous solution
(Sturtevant. 1977; Tanford. 1980). It can be discounted for the
binding of manno-oligosaccharides to the Mevo lectin as no
appreciable nonpolar interface is seen in the interaction of Man7D1
and Mevo lectin in X-ray crystal structure. A diminution in the change
in entropy (+AS) has sometimes been ascribed to ligand distortion
or restriction of conformational mobility of the ligand (Imberty and
Pérez 20005 Zierke et al. 2013; Abhinav et al. 2015). As there is

no precedence in the literature on the thermodynamic parameters
for the association of branched oligosaccharides with propensity
for forming highly ordered cross-linked complexes with highly
oligomeric carbohydrate receptors like Mevo lectin, our conclusions
for the observed parameters appear qualitatively consistent with a
deterministic role of orientation factor related to the restriction of the
conformational mobility of Mevo lectin-Man7D1 complex in mod-
ulating these interactions. In the structure of the complex of Mevo
lectin-Man7D1 many more contacts are observed for the interaction
involving its D1 arm. To validate that is indeed the case we studied the
interaction between Mana(1,2)Mana(1,2)Mana(1,3)Man (Man4)
comprising its D1 arm. ITC studies shown in Figure 2 for the binding
of Man4 to the lectin give Ky values of 27.8 pM as compared
to 12.6 mM for Man«(1,3)Man that constitutes the D2 arm of
this heptamannosaccharide, reflecting enhanced interactions of the
former in the combining site. Additionally, a cooperative effect
as a consequence of cross-linking of Man7D1 to subunits across
the adjacent heptamers increases several orders of magnitude, the
affinities of both the arms of Man7D1 for binding to their respective
sites in the lectin.

Since Mevo lectin interacts preferentially with terminal «Man1,2
linked manno-oligosaccharides, its interaction with glycans such as
a mannose capped lipoarabinomannan from M. tuberculosis (Man-
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Fig. 2. (A) Schematic representation of Man4. Key defining linkages between mannose residues are given on the right. (B) Isothermal titration calorimetry (ITC)
data for Man4. Heats evolved upon incremental addition of successive injections of Man4 solution (2 mM) to protein (100 pM) in the ITC cell at 25°C. The plot
given below represents total heat released as a function of the molar ratio of Man4 to protein for the above titration using single set of sites.

LAM) and lipoarabinomannan from M. smegmatis (MsmLAM) was
examined for their binding to Mevo lectin. ManLAM carries several
branches of «1,2 linked manno-oligosaccharides typically made up
of one to four mannose residues referred to as “mannose caps”,
substituting an arabinan core (Fig 3A). Modeling studies show that
1,2 linked manno-oligosaccharides caps found in ManLAM can
readily be accommodated in the binding site of Mevo lectin (Fig 3C).
Following the modeling studies, the binding of mycobacterial LAMs,
ManLAM and MsmLAM (Fig 3B) to the lectin was studied using
ITC experiments (Fig 3D,E). ManLAM showed a very high affin-
ity, whereas MsmLAM bound relatively very weakly. ManLAM
showed a binding constant (K,) value of 1.24x10® M~!, which is
almost a million fold higher than that observed for mannotriose and
mannopentose. MsmLAM on the other hand, showed very weak
binding to Mevo lectin with K, value of 3.57x10* M~! which is
3000-fold less compared to ManLAM (Table I). The stoichiometry
(n) and the heat release pattern in the ITC experiments for the
larger oligosaccharides pointed to possible differences in complex
formation between Man7D1 and mycobacterial LAMs. A value of
n equal to 0.25 for MsmLAM and 0.11 for ManLAM suggested
that they can interact with four and seven subunits of Mevo lectin
simultaneously. The fact that the separation between the adjacent
carbohydrates binding sites in the Mevo lectin heptamer is ~ 35 A
that is complementary to the distance between the successive man-

nose caps in ManLAM perhaps gives rise to the strong and specific
Mevo lectin-ManLAM interactions. Since the mannosyl caps decorate
a highly flexible polysaccharide backbone in ManLAM, there is no
conformational restriction to its mobility involved in the formation
of complex between Mevo lectin and ManLAM. The interactions
are driven primarily by favorable changes in enthalpies. The slope
of the enthalpy-entropy compensation plot for Man7D1 and the
larger manno-oligosaccharide structures is ~ 1.2, indicating that a
relatively favorable enthalpic contribution accounts for their binding
reaction with the lectin (Supplementary Figure S1). Large negative
value of changes in the enthalpies for binding of ManLAM suggests
arelatively larger increase in the surface area of contact between them
and Mevo lectin as compared to that for MsmLAM.

A notable difference between ManLAM and MsmLAM is related
to fewer and shorter @1,2 linked mannosyl caps in the latter (Turner
and Torrelles, 2018). A value of n equal to 0.11 for ManLAM
suggests that the geometry of Mevo lectin is optimal for its recog-
nition; apparently, all of binding sites of the heptameric lectin inter-
act simultaneously with the mannose caps of ManLAM. This, in
turn, accounts for the enormous avidity effect observed for the
enhanced affinities of interactions between Mevo lectin-ManLAM
complexes. Taken together, calorimetric data and crystallographic
structural analyses based on Mevo lectin-Man7D1 complex (as dis-
cussed in the next section) indicate that the avidity of the multisite,
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Fig. 3. Schematic of the structure of (A) ManLAM and (B) MsmLAM. Key to the linkages for the above polysaccharides is provided at the right of panel A. (C) The
modeled structure of Man(1,2)eMan(1,2)aMan(1,2)aMan, representing a typical mannose cap from ManLAM. Plot of total heat released as a function of molar
ratio of ligand to protein for titrations of Mevo lectin with (D) ManLAM and (E) MsmLAM. The top panel of the figures represents raw data, and the panel below

represents the best fit for the obtained data using a single-site model.

multivalent interactions of Mevo lectin with the sugars may con-
tribute to its high affinities observed for ManLAM.

Structure of Mevo lectin-Man7D1 complex

Mevo lectin is a 7-fold symmetric ring-shaped heptameric molecule
(Sivaji et al. 2020). Each subunit has a jacalin-like structure with a 8-
prism I fold. As expected, the tertiary and the quaternary structure of
the molecule, including inter-subunit interactions, is almost the same

as that found in the native crystals used for preparing the complex
through soaking. The crystal structure of the complex of Man7D1
with Mevo lectin, however, exhibits a subtle difference. The two
crystallographically independent molecules in the native structure are
related to each other by a noncrystallographic 2-fold axis along the
(1 1 0) direction in the tetragonal unit cell. On complexation, this
2-fold axis becomes crystallographic. Consequently, the space group
transforms from P41242 to P4,212 with nearly half the ¢ dimension
(Table 1),
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Table I. Thermodynamic parameters for the binding of the sugars to Mevo lectin at 25°C

n Ky (M) AG AH —TAS
(kcal mol~1) (kcal mol~1) (kcal mol~1)

Man4? 1.05 £ 0.07 27.8e-6 + 3.e-6 —6.22 £ 0.1 -3.0+£0.1 -3.224+0.3
Man7le nq Kdl AG] AH] —TAS]

0.77 £ 0.05 2.8e-6 £ 0.4e-6 —7.64 £ 0.1 —14.6 £ 0.1 6.96 £ 0.1

n) KdZ AGZ AHZ —TASZ

0.15 £ 0.01 37e-9 + 3.3e-9 —-9.36 +04 0.40 £ 0.7 -9.76 £ 0.7
ManLAM 0.11 + 0.01 8.15e-9 £+ 1.4e-9 —11.0 £ 0.1 —583+1.4 473 +14
MsmLAM 0.25 £ 0.15 30.0e-6 £+ 7.3e-6 —-6.3+0.1 —13.8+ 0.6 7.5+0.2

AgMan(1,2)aMana(1,2)aMan(1,3). baMan(l,Z)aMana(1,2)aMan(l,3)[aMan(1,3)[onan(1,6)]aMan(1,6)]aMan.

Table Il. Details of data statistics and refinement

Man7D1 complex

Space group P4,212
Unit cell dimensions

a 168.35

b 168.35

c 104.96

(A)

[ 90.0

8 90.0

y 90.0

()
No of subunits/asymmetric unit 7
Resolution (A) 61.18-2.23

(2.35-2.23)

No. of observations
No. of unique reflections

1410820 (182117)
73523 (10366)

Completeness (%) 99.7 (98)
V(o) 7.8 (3.2)
CC(1/2) (%) 98.5 (52.4)
Rmerge (%) 39.1 (81.3)
Multiplicity 19.2 (17.6)
Ryork (%) 24.9 (38.1)
Riree? (%) 26.7 (39.2)
RMS deviations from ideal values

Bond length (A) 0.012

Bond angle (°) 1.7
Residues (%) in Ramachandran plot

Favored region (%) 94.9

Allowed region (%) 5.1

Disallowed region (%) 0

2In total, 5% of the reflections were used for the R, calculations. Values in
parentheses refer to the highest resolution shells.

Although structures of B-prism I fold lectin complexes with
mannose to mannopentose have been examined exhaustively
earlier (Jeyaprakash et al. 2004; Singh et al. 2005; Swanson et al.
2015), such studies on higher manno-oligosaccharides seem to be
lacking. We describe here the structure of a complex of mannohep-
tose (eMan(1,2)aMana(1,2)aMan(1,3)-[@Man(1,3)[«Man(1,6)]«
Man(1,6)]eMan; referred to as Man7D1) with Mevo lectin at 2.23 A
resolution. In the complex, six of the seven mannosyl residues that
constitute their D1 and D2 arms, are defined well in the electron
density map (Fig 4A,B). They are sandwiched between the reference
molecule made up of subunits A-G and a 2-fold symmetric molecule

consisting of subunits A’~G’ (Fig 5). The D1 arm occupies the binding
site in subunits A, D and G; the D2 arm is located at the binding sites
of B/, C' and F'. To elaborate, A is linked to B/, D-F and G-C'.
The situation is just the reverse in subunits ‘B, C and F> and ‘A’, D’
and G”. Electron density exists only for one mannose residue each
at the binding sites of subunits E and E’. The remaining residues
are presumably disordered. Thus the molecules exist in the crystal
structure as symmetric dimers, each apparently stabilized by six
crosslinks.

Refinement using appropriate restrains yielded acceptable geome-
tries for the comparatively long oligosaccharide ligands, as evidenced
by the values of the relevant torsion angles (Imberty et al. 1990)
(Supplementary Table SII). The terminal Mana(1,2)aMan at the
nonreducing end plays an important role in the interaction of the
ligand with the lectin. The terminal Mana(1,2)eMan in the structures
already reported (Sivaji et al. 2020) superpose reasonably well on the
corresponding disaccharide residues in the present structure (Fig 6).

The interactions involved in the crosslinks are nearly the same in
all the six subunit pairs. Those in one of them are illustrated in Fig 4C.
The primary binding site of B-prism I fold lectins is characterized
by the G... GXXXD motif. In Mevo lectin, the residues involved in
the motif are Gly 18, Gly 132, Ser 133, Asp 134, Ile 135 and Asp
136. In the case of previously reported aMan(1,2)aMan complexes,
interactions of its nonreducing residue alone with Mevo lectin was
observed, whereas in its complexes of aMan(1,3)aMan, 30% of the
molecules exhibited interactions with the reducing end mannose as
well. The interactions of the terminal residues of the D1 and D2 arms
for Man7D1, on the other hand, with the primary binding site are
nearly the same despite a difference in the linkage of their mannosyl
residues. The orientation of the nonreducing end mannosyl residue
at the primary binding site directs the C1 atom and much of the ring
of the penultimate sugar away from the primary binding site. That in
turn places the third mannosyl residue of the D1 arm of the Man7D1
at the secondary binding site defined by Lys 64, Arg 93 and Asp 134.
A depiction of D1 arm of Man7D1 in the secondary binding site
shows extensive interactions of the innermost/third mannose with
residues at this site (Fig 4C). Mevo lectin is among the very few B-
prism I fold lectins in which Asp (residue 134) occurs at the second
X position in the G...GXXXD motif. However, the interactions
of Asp 134 with D1 and D2 arms are different for Man7D1. Asp
134 interacts with O4 and O6 of the third mannosyl residue of the
D1 arm, whereas the third residue of the D2 arm is such that Asp
134 cannot interact with it in the corresponding (relevant) subunit.
Likewise, Lys 64 does not interact with the third residue of the D2
arm in subunits B/, C’ and F'. Arg 93 interacts with it in subunit
A’ only. In the view of the above and the extensive interactions
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Fig. 4. (A) D1 and D2 arms of Man7D1 shown with linkages. (B) Representative electron density for Man7D1 in simulated annealing Fo-F; omit map. The map is
contoured at 20 level. (C) Details of interactions of D1 (dark green) and D2 arms (light green) with the residues of the binding site of Mevo lectin.

of the third mannosyl residue of the D1 arm with the secondary
binding site including the participation of Asp 134 that are absent
in the case of D2 arm, one is tempted to suggest that the interactions
involving D1 and D2 arm give rise to the high and low affinities,
respectively.

The Man7D1 complex also exhibits extensive crosslinking akin
to the networks observed in the complexes of mannotriose and
mannopentose (Sivaji et al. 2020). Additional features of Man7D1
complex are the interactions at the secondary site with the third
mannosyl residue from the nonreducing end, which partly explains
the pronounced enhancement of its affinity (1200-fold) compared to
that of mannopentose. Mannose, the nonreducing end of the man-
nose in Mana(1,2)Man, both the reducing and nonreducing ends of
mannose in Mana(1,3)Man, both nonreducing end mannose residues
in mannotriose and the nonreducing end mannose of «(1,6) branch
of mannopentose bind to the site contributed by Gly 18, Gly 132,
Ser 133 and Asp 136. The nonreducing end mannose at the «(1,3)
branch in mannopentose interacts with a site defined by Tyr 44, Lys
64, Ser 133 and Asp 134. Further, the third mannosyl residue of
the D1 arm of Man7D1 that has strong interactions with secondary
site involves bifurcated hydrogen bonds between its C4 and Cé
hydroxyl and Asp 134 carboxyl groups that contribute significantly
to the binding ability of Man7D1. Asp134 carboxyl could partake
in similar interaction with the third nonreducing end mannose of
Man4. To probe the role of the contributions of Asp 134 to these
interactions we mutated it to alanine. ITC studies with D134A,

conducted under identical experimental conditions employed for the
wild type protein, show a striking diminution in the binding affinities
for both Man7D1 and Man4 underscoring the key role of Asp 134
at the secondary site of Mevo lectin for its observed affinity for
Man4 and the Man4 bearing arm (D1) of Man7D1 (Supplementary
Figure S2). This is not surprising as the hydrogen bond between
charged residues such Asp 134 in the combining site of Mevo lectin
and a hydroxyl group of a sugar is stronger as compared to those
between neutral atoms. Further, the hydrogen bond here is being
donated by the C4/C6 hydroxyl group of the third mannose from
the nonreducing end of D1 arm that is consistent with the fact that
the strongest hydrogen bonds in protein-carbohydrate complexes are
those where OH serves as the donor rather than acting as an acceptor
(Swaminathan et al. 1999).

Cytotoxicity assay

Many mannose-binding lectins that exhibit antiviral and antibacterial
properties show mitogenicity/cytotoxicity, limiting their use in antivi-
ral or antibacterial therapy (Huskens et al. 2008; Singh et al. 2014).
We, therefore, determined the cytotoxicity of Mevo lectin on human
kidney HEK293 cells by employing the 3-(4,5-dimethylthiazol-2-yl)-
2,5 diphenyltetrazolium bromide (MTT) assay (Kumari et al. 2018).
Different Mevo lectin concentrations (0 to 5 mg mL™!) were used
in the assay. The cytotoxicity of Mevo lectin to HEK293 cells after
48 h of exposure is depicted in Figure 7. The results of this experi-
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Mannose

al-3

Fig. 5. (A and B) Symmetric dimer of the Mevo lectin molecule complexed with Man7D1 viewed along two directions. The subunits of reference molecule (A-G)
and 2-fold symmetric molecule (A’-G’) are marked. (C) Schematic representation of cross-linking in the complex involving Man7D1. Shown in dark (D1 arm)
and light green (D2 arm) are the mannose residues for which the electron density is well defined in the crystal structure of the Man7D1 complex. Key defining
linkages between mannose residues are given at the bottom left. The D1 arm occupies the binding site in subunits A, D and G in the reference molecule, whereas
the D2 arm is situated at the binding sites of B’, C’ and F’ in the 2-fold symmetric molecule. The situation is just the reverse in subunits B, C, F and A’, D', G'.

Only a mannose residue is defined at the binding site of subunit E and E’.

ment demonstrate that Mevo lectin did not exhibit any measurable
cytotoxicity toward HEK293 cells.

Mevo lectin treatment restrict the invasion
of M¢s by M. tuberculosis

Multiple human cell surface receptors are shown to recognize the
ManLAM. It is also established that the mannose caps of ManLAM

are recognized by MMR, the DC-SIGN and surfactant protein D
(Torrelles et al. 20065 Geurtsen et al. 2009). Also, ManLAM interacts
with MMR on Mg¢s for phagocytic uptake of M. tuberculosis (Kang
etal. 2005). A few studies have documented the role of lectin binding
in preventing mycobacterial or viral entry into the host cells by
inhibiting interaction with pattern recognition cell surface receptor(s)
(Ji et al. 2005; Tanaka et al. 2009; Driessen et al. 2012; Fukuda
et al. 2013). Hence, we investigated whether Mevo lectin could
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Fig. 6. Superposition of the Mana(1,2)eMan ends (green) in the structures
reported earlier (Sivaji et al. 2020) onto the Mana(1,2)aMan end (red) of one
of the D1 arm of Man7D1 in the present structure.

block the binding of M. tuberculosis to intact M¢s. Phorbol 12-
myristate 13-acetate (PMA)-differentiated THP-1 M¢s were infected
with Mevo lectin pretreated fluorescently labeled M. tuberculosis and
internalization was assessed at 2 h postinternalization. As evident
from colony-forming unit (CFU) analysis, when Mgs were infected
at multiplicity of infection (MOI) of 1 or 5, there is 38 or 82% less
internalization of Mevo lectin treated M. tuberculosis as compared to
untreated bacilli (Fig 8A), indicating that the binding of Mevo lectin
interferes with the process of the internalization of M. tuberculosis.

As an additional validation, we infected THP-1 Mg¢s with a
M. tuberculosis strain expressing red fluorescent protein (RFP:
tdTomato), and fluorescence emitted by the infected M¢s was scored
to estimate internalization. Consistent with our CFU data, tdTomato
positive population of Mevo lectin treated M. tuberculosis (Fig 8B)
was 25-30% lesser than that observed for the untreated population,
indicating diminished uptake of the bacteria by M¢s. These data
show that a reduced number of bacilli are phagocytosed by Mg¢s
as a consequence of Mevo lectin binding to ManLAM that masks
mannosyl moieties to circumvent interaction with MMR.

Conclusions

The specificity of Mevo lectin toward manno-oligosaccharides con-
taining «Man(1,2) «Man at their termini has been addressed through
crystallographic and solution studies. ITC studies demonstrate
that complex manno-oligosaccharides with terminal «Man(1,2)
aMan linkages, can bind to Mevo lectin with nanomolar affinities.

Structural studies on Mevo lectin-Man7D1 complex showed cross-
linking similar to that observed in previously reported Mevo lectin
complexes of mannotriose and mannopentose (Sivaji et al. 2020).
Interactions at the primary binding site are mostly similar to
those in other B-prism I fold lectins, but substantial additional
interactions are made at a secondary site. A detailed analysis of
the Mevo lectin structure complexed with Man7D1 suggests that
the interactions of Asp 134 with the third mannosyl residue of D1
arm, at least partially, contribute to its high-affinity binding. Mevo
lectin showed no cytotoxicity when incubated with human kidney
(HEK93) cells. We demonstrate here that Mevo lectin efficiently
binds to mycobacterial mannosylated surface lipopolysaccharide
(ManLAM) and compromises its ability to infect M¢s. However,
more experiments are needed to be to demonstrate its potential as a
bacteriostatic agent.

Materials and methods

Materials

Mannosylated lipoarabinomannan (ManLAM) from M. tuberculosis
strain H37Rv was obtained from BEI resources, NIAID, NIH (NR-
14848). Lipoarabinomannan from M. smegmatis (MsmLAM) was
purchased from Labex Corporation, India. Mannotetrose (Man4)
and mannoheptose (Man7D1) was procured from Omicron Bio-
chemicals, South Bend, IN. Commercially available PEGRx2 (Condi-
tion number 29) from Hampton Research was used for crystallization
of native protein. The chemicals for making buffers were obtained
from Sigma Aldrich. Most of the other analytical grade chemicals
used in this study were purchased from local vendors.

Cloning, expression and purification

Recombinant Mevo lectin was expressed and purified from E. coli
BL21 (DE3) cells as described previously (Sivaji et al. 2017, 2020).
Cells were harvested by centrifugation (5500 rpm) and resuspended
in Tris-HCI buffer (30-mM Tris-HCL, 300-mM NacCl, 5-mM imida-
zole, 10% (v/v) glycerol) pH 7.4 containing 5-mM phenylmethylsul-
fonyl fluoride prior to lysis. Cells were lysed by sonication, total cell
lysate was centrifuged at 14000 rpm, and the supernatant loaded
directly onto a Ni-NTA column pre-equilibrated with lysis buffer.
Mevo lectin was eluted with lysis buffer containing 300 mM imida-
zole. Pure fractions containing Mevo lectin were pooled and subjected
to size-exclusion chromatography using Superdex-200 column (GE
Healthcare, Chicago, IL). Fractions corresponding to homogeneous,
Meuvo lectin were pooled and concentrated using Millipore Centricon
up to 10 mg mL™! concentration. Site-directed mutagenesis was
employed to generate D134A mutant using pET21b vector that
encodes Mevo lectin.

Isothermal titration calorimetry

ITC experiments were performed using a MicroCal PEAQ-ITC
(Malvern, Canada) instrument. Protein was dialyzed overnight
at 4°C against phosphate buffer saline (PBS; 20 mM anhydrous
Nap POy, 4 mM NaH,POy4-2H, O, 150 mM NaCl, pH 7.4) before
each titration. Mevo lectin was loaded into the calorimeter at
concentrations ranging from 10 to 100 pM and titrated with
0.4-2 pL injections (0.2-1 pL for Man7D1) of sugar ligand
solution until saturation occurred. Control experiments were
performed by titrating ligands into protein-free dialysis buffer. Ligand
concentrations used in titrations were 2 mM for Man4, 1 mM
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Fig. 7. Cytotoxicity of Mevo lectin toward HEK293 cells by means of the MTT colorimetric assay. All values are expressed as mean =+ standard error of mean of
three independent experiments. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide.

for Man7D1, 30 pM for ManLAM and 500 pM for MsmLAM.
In total, 280 pL of the Mevo lectin solution was loaded into the
sample cell and the ligand sample was filled in the injection syringe
and added to the sample cell as a series of injections separated
by 120 seconds interval with constant stirring at 750 rev min~'.
The results were analyzed using the MicroCal PEAQ-ITC software.
Lipoarabinomannans (ManLAM and MsmLAM) molecular weights
were taken from the studies reported elsewhere (Petzold et al. 2005;
Kaur et al., 2008). The data were fitted using a one-site model (two
sets of sites model for Man7D1), which yielded stoichiometry (n),
change in enthalpy (AH) and dissociation constant (Kg). The change
in entropy (AS) was determined using equation AG = AH — TAS,
where AG = —RT In K,, T is the absolute temperature and
R = 8.314 ] mol™" K~!. The reported results are the average of
three independent titrations for Man7D1, ManLAM, and average
of two independent titrations in case of Man4 and MsmLAM
at 25°C.

Mannotetrose structure generation and modeling

The mannotetrose (eMan(1,2)aMan(1,2)aMan(1,2)aMan) struc-
ture was prepared using CarbBuilder (Kuttel et al. 2016). Docking
studies were carried out using Schrodinger suite. Ligands were docked
onto one of the subunits of Mevo lectin. The docked poses were
verified with respect to the D1 arm of Mevo lectin complex with
Man7D1 to ensure the relative positions of the docked mannotetrose.

Crystallization and data collection

Attempts to cocrystallize the lectin with Man7D1 did not succeed.
Eventually, the complex was prepared by soaking the form-2 crystals
of the protein (Sivaji et al. 2017, 2020) in a solution containing
Tacsimate pH 6.0, 0.1 M MES monohydrate pH 6.0 and 25% (w/v)
polyethylene glycol 4000, supplemented with 1 mM of Man7D1
for 12 h. X-ray diffraction data from the crystals of the complex
were collected at 100 K at a home source using MAR345 image
plate mounted on a Bruker-AXS Microstar Ultra II rotating-anode

generator employing Cu-Ke radiation. Ethylene glycol was used as
cryoprotectant. Diffraction images were processed and merged using
iMosflm (Battye et al. 2011) and SCALA of the CCP4 program
suite (Winn et al. 2011). Structure factor amplitudes were obtained
from intensities using TRUNCATE (French and Wilson 1978). Sol-
vent content was estimated using Matthews’ method (Matthews,
1968).

Structure solution, refinement and validation

The structure was solved by using molecular replacement with Phaser
(McCoy et al. 2007) employing coordinates of a native Mevo lectin
structure (PDB code: 7BSB) as the search model. REFMACS (Mur-
shudov et al. 2011) was used for structure refinement. A few rounds
of initial rigid body refinement were followed by refinement of atomic
coordinates and B factors with tight noncrystallographic symmetry
restraints corresponding to the 7-fold symmetry of the molecule.
These restraints were progressively relaxed during the final stages of
refinement. COOT (Emsley and Cowtan 2004) was used for model
building during iterative cycles of refinement. Ligand molecules were

located using difference Fourier maps when R, and Ry values

‘WOTr|
were 26 and 29 %, respectively. The Man7D1 structure was prepared
using CarbBuilder (Kuttel et al. 2016) and PRODRG was used to
generate the topology file for the sugar (CCP4 program suite). Fourier
difference maps clearly revealed the location of the bound Man7D1.
However, partial or no density was observed for the mannose moiety
of the D3 arm of Man7D1 and only six mannose residues comprising
D1 and D2 arms were modeled into the ligand electron density. The
locations were later confirmed using simulated annealing omit maps
using CNS v.1.3 (Brunger et al. 1998, 2007). During final refinement
cycles, water O atoms were added successively on the basis of peaks
with heights greater than 3o in Fo-Fc maps and greater than 1o in
2F,-Fc maps. A few ethylene glycol molecules were modeled into
the electron density where appropriate. The structure was validated
using PROCHECK (Laskowski et al. 1993) and MolProbity (Chen
et al. 2010). Statistics pertaining to data collection and final results
of refinement are given in Table II.
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Fig. 8. Effect of Mevo lectin on inhibition of phagocytic uptake of M. tuberculosis inside macrophage measured by (A and B) colony-forming unit (CFU)
measurement and (C and D) flow cytometric analysis. M. tuberculosis cells expressing Td-tomato were incubated in presence and absence of Mevo lectin
(~7 uM) for 1 h. Differentiated THP-1 macrophages were infected with bacilli for 2 h followed by killing of extracellular bacilli by amikacin treatment 2 h. Cells
were fixed with PFA and scored for Td-tomato positives using fluorescence-activated cell sorting. In a parallel set macrophages were lysed to release bacilli
for CFU enumeration. Ten-fold serial dilutions were plated on 7H11 agar containing OADC (oleic acid; albumin; dextrose; catalase; saline). Error bars represent
standard deviations from the mean. *xP < 0.01; *xxP < 0.001. MOI, multiplicity of infection.

Analysis of structures

Figures for molecular representations were generated by using
PyMOL (DeLano, 2002). Inter-atomic distances were calculated
using CONTACT of the CCP4 program suite. Hydrogen bonds were
assigned based on the criteria that the distance between the donor
(D) and acceptor (A) atoms was less than or equal to 3.6 A and D-
H...A angle was greater than 90°. Structural alignments were done
using ALIGN (Cohen, 1997).

In vitro cytotoxicity of Mevo lectin on HEK293 cell line
using MTT assay

HEK293 cells were procured from National Centre for Cell Sciences
(NCCS) Pune, India. These cells were grown in Dulbecco’s Modified
Eagle’s medium with 10% Fetal Bovine Serum (FBS), 1% (v/v)
glutaMAX, 100 I.U. mL™! penicillin and streptomycin maintained
in a humidified 5% CO; at 37°C. A total of 1 x 10* cells mL™! cells

in 100 pL were seeded in a 96 well plate. After 24 h, different concen-
trations of Mevo lectin (0.15-5 mg) were added to the cells. Untreated
cells were used as a negative control. MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide) reagent (0.5 mg mL™') was
added after 48 h. After 2 h of incubation at 37°C, the MTT reagent
was removed and dimethyl sulphoxide (100 pL) was added to each
well and the absorbance was then determined by an ELISA reader
at a wavelength of 595 nm (Faheina-Martins et al. 2012). The cell
viability was calculated from the ratio of the absorbance of the sample
wells and control wells, % survival = live cell number (test)/live cell
number (control) x 100.

Media and culture conditions
M. tuberculosis strain harboring pTEC27 plasmid (pMSP12:tdTomato)
was previously generated in laboratory as described (Tyagi et al.

2020). Bacteria were grown in hygromycin (50 pg mL~') containing
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7H9 broth and 7H11 agar media supplemented with (albumin,
dextrose and saline) and (oleic acid, albumin, dextrose, catalase
and saline), respectively, to mid-exponential phase (ODggg = 0.4
0.8) for infection. Human monocytic THP-1 cell line was grown
in RPMI1640 media (Cell Clone) supplemented with 10% heat-
inactivated FBS. Cells were grown up to maximum 3-5 passages. A
total of 3 x 10° cells/well was seeded in a 24 well plate. Cells were
differentiated with 20 ng mL~! PMA for 18-20 h before adding to
multiwell plate, followed by recovery period of 48 h to differentiate.

Inhibition of phagocytic uptake of bacilli assay

M. tuberculosis tdTomato strain was incubated with 50 pM Mevo
lectin dissolved in PBS (pH 7.0) or only PBS (control) for 1 h followed
by washing to remove unbound compound just before infection. For
these studies, a single concentration of the protein used in MTT
assay for monitoring cytotoxicity was used in these studies. PMA
differentiated cell line THP-1 was infected with mycobacteria (Mevo
lectin treated or control) for 2 h at MOI of 1 or 5. After 2 h, to
kill extracellular bacteria, 50 pg mL™"' amikacin (purchased from
HiMedia Labs: Cat. No. CMS644) was added, followed by additional
2 h incubation. Postincubation cells were washed thrice with sterile
PBS to remove extracellular or dead bacteria.

Flow cytometric analysis to determine relative
phagocytic uptake bacilli

Infected M¢s were fixed with 4% paraformaldehyde for at least
15 min at room temperature followed by washing with PBS. M¢s
were detached in PBS by scrapping and analyzed for the presence
of tdTomato using flow cytometer (BD Biosciences). Relative abun-
dance of tdTomato population compared to untreated control is
represented.

Measurement of phagocytosed bacilli inside M¢s

Post incubation with M. tuberculosis cells, infected THP-1 macrophage
were washed thrice with prewarmed PBS to remove debris,

followed by lysis with 0.06% sodium dodecyl sulphate (SDS).

Released bacteria were serially diluted 10-fold and plated on 7H11

agar plates. Plates were incubated for 3-4 weeks at 37°C for

colonies to appear followed by counting to enumerate number of

viable bacilli.

PDB references
Mevo lectin complex with Man7D1 (7DED).

Supplementary data

Supplementary data are available at Glycobiology online.
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