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ABSTRACT: Nuclear magnetic resonance (NMR) spectroscopy and
molecular modeling methods have been strategically combined to
elucidate the molecular recognition features of the binding of
threonine O-linked Thomsen-Friedenreich (TF) antigen to chimera-
type avian galectin-3 (CG-3). Saturation transfer difference (STD)
NMR experiments revealed the highest intensities for the H4 protons
of both the $-p-Galp and a-p-GalpNAc moieties, with 100 and 71% of
relative STD, respectively. The methyl protons of the threonine
residue exhibited a small STD effect, <15%, indicating that the
interaction of the amino acid with the protein is rather transient. Two-
dimensional transferred nuclear Overhauser effect spectroscopy NMR
experiments and molecular modeling suggested some differences in
conformer populations between the free and bound states. A dynamic

MD simulation

binding mode for the TF antigen—CG-3 complex consisting of two poses has been deduced. In one pose, intermolecular
interactions were formed between the terminal threonine residue and the receptor. In the second pose, intermolecular
interactions involved the internal GalpNAc. The difference in the trend of some shifts in the heteronuclear single-quantum
coherence titration spectra indicates some disparities in the binding interactions of CG-3 with lactose and TF antigen. The results
obtained from this model of the avian orthologue of human galectin-3 will allow detailed interspecies comparison to give
sequence deviations in phylogeny a structural and functional meaning. Moreover, the results indicate that the peptide scaffold
presenting TF antigen could be relevant for binding and thus provides a possible route for the design of galectin-3 inhibitors with

improved affinity and selectivity.

he growing awareness that the glycan component of

cellular glycoconjugates stores biological information,
embodied by the term “sugar code”," has attracted an increasing
amount of attention to the analysis of glycan—lectin
interactions. In fact, these sugar receptors provide a route to
translate the sugar-encoded information into cellular re-
sponses.”~® Homing in on branch-end epitopes, the family of
galactoside-binding lectins (galectins) elicits a wide range of
biological functions involved in immune and inflammatory
responses and tumor development, including cell adhesion,
migration, and survival.” "> This broad activity profile explains
the emerging interest in galectins as targets for drug discovery.
In principle, galectin-dependent responses are triggered on the
basis of the selection of the glycan counter-receptor and the
ensuing cross-linking of the selected glycan moiety. While
homodimeric and tandem repeat-type family members are
natural cross-linking agents, galectin-3 is a unique type. It is
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monomeric and known to harbor the carbohydrate recognition
domain (CRD) in the C-terminal region, a collagenase-sensitive
section, and the N-terminal region containing sites for serine
phosphorylation.”'®'*'* In the presence of suitable multivalent
ligands, galectin-3 is known to form pentamers and is thus
capable of cross-linking."> This tendency to oligomerize has
been attributed to the N-terminal non-lectin domain of
galectin-3. Of note is the fact that the functional antagonism
of galectin-3 to pro-apoptotic galectin-1, blocking negative
growth regulation in neuroblastoma and pancreatic carcinoma
cells,'®'” makes structural studies of this protein clinically
relevant. Equally importantly, phylogenetic analysis has
revealed that despite diversity in the other two classes,
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Figure 1. '"H NMR (500 MHz) STD spectrum (saturation time of 2 s with on-resonance irradiation at the aromatic region) of a 1:100 mixture of
CG-3 and the TF antigen at 278 K. The bottom trace shows the STD spectrum, while the top trace shows the off-resonance spectrum. The protons

showing the strongest STD effect are annotated.

galectin-3 is the only member of the galectin group with a
trimodular design.'">'® Thus, galectin-3 presents itself as a
unique model for comparative structure—activity studies
between different organisms, with the aim of giving sequence
deviations in phylogenesis a functional meaning. With these
two perspectives in mind, the therapeutic and the phylogenetic,
we here initiate a strategically combined analysis of glycan
binding, using experimental and computational approaches. On
the glycan side, the focus is on the Thomson-Friedenreich (TF)
antigen, the core 1 O-glycan disaccharide, Galf1—3GalNAca,
also known as T-antigen. It has selectivity for galectin-3 binding
compared to galectin-1 and is known to account for binding of
galectin-3 to mucins, and also the pentasaccharide of
ganglioside GM1."”™** Structural analysis of the complex by
crystallography and flexible docking has been reported for
human galectin-3.24’25 Because its avian ortholo§ue, i.e., chicken
galectin-3 (CG-3), has recently been identified,” a comparative
analysis is possible. Moreover, the TF binding mode can be
compared to the complex of this glycan with a fungal galectin
from the edible mushroom Agrocybe aegerita.27 It is also
intriguing to compare if and how the dynamics and flexibility of
the full-length galectin-3 is affected by its interaction with the
TF antigen in solution. While X-ray crystal structures provide
static representations of molecules arranged in a periodic crystal
lattice, solution NMR data provide average information over
randomly oriented molecules in solution. The NMR spectros-
copy and molecular modeling methods have been an integral
component of conformational analysis of carbohydrates, both
free and bound to lectin.®® To assess the potential of the
peptide portion to be located in the direct vicinity of the core 1
disaccharide in complex formation with CG-3, a threonine
residue attached to the glycan moiety was used in our study.
Likewise, previous monitoring of glycopeptides and glycan
derivative libraries has indicated a possibility for peptide—
aglycone interactions.”” "

B MATERIALS AND METHODS

Galectin Purification. The chimera-type avian galectin-3
was obtained by recombinant production and isolated by
affinity chromatography on lactosylated Sepharose 4B as a
crucial step, routinely checked for purity by one- and two-
dimensional gel electrophoresis and gel filtration.”**> Activity
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was ascertained by heme agglutination and solid-phase binding
assays.”®*>** I5N-labeled CG-3 was obtained using ""NH,CI as
the medium additive as described previously.**

NMR Experiments. O-[2-(Acetamido)-2-deoxy-3-O-f-p-
galactopyranosyl-a-p-galactopyranosyl]-L-threonine (TF anti-
gen—Thr conjugate) was purchased from Toronto Research
Chemicals. The NMR samples were prepared in deuterated
phosphate buffer [10 mM phosphate, 137 mM NaCl, and 2.7
mM KCl (pH 7.3)]. STD experiments® were performed at a
lectin concentration of 50—60 M on a Bruker Avance 500
MHz NMR spectrometer equipped with a 5 mm TXI inverse
probe head at 278 K. Protein saturation (on the resonance
frequency in the aromatic region) was achieved by using a
series of 50 ms Gaussian pulses with a total saturation time of
the protein of 2 s and a maximal field strength of 50 Hz. The
ligand:lectin ratio was set between 20:1 and 100:1. TR-NOESY
experiments were conducted on a Bruker Avance 600 MHz
spectrometer equipped with a triple-channel cryoprobe at 278
K. Different mixing times were employed: 100, 150, and 200
ms. These experiments were conducted for a ligand:protein
molar ratio of 10:1 using a 60 uM preparation of lectin as the
final concentration in the NMR tube. No purging spin-lock
period to remove the NMR signals of the macromolecule
background was employed. The nOes were translated into
distances using the isolated spin pair approximation and the
intraresidual H1'—HS’ (Galp) and H1-H2 (GalpNAc)
distances as a reference. Uncertainties in the distances between
different mixing times were less than 6%.

Molecular Modeling. The threonine conjugate of the TF
antigen and lactose were generated using the GLYCAM web
carbohydrate builder®® and the tleap module distributed with
ANTECHAMBER version 1.27.>” The GLYCAMO06 (Gly-
cam_06g.dat downloaded from the Woods group Web site)**
and PARMY99SB>® parameter sets were employed to model the
ligand and receptor, respectively. The threonine residue of the
conjugate was in the zwitterionic state. Automated docking of
the TF antigen to CG-3 was performed using the GlideXP
version 5.7 scoring function of Schrodinger, Inc.*® The three-
dimensional model for chicken galectin-3 was %enerated
through the SWISS-MODEL repository database™* from
the sequence A4GTPO (UniProt database) and by using
Protein Data Bank (PDB) entry 1A3K (carbohydrate
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Figure 2. (A) NOESY spectrum (500 ms) for the TF antigen. (B) TR-NOESY spectrum (200 ms mixing time) for the TF antigen (50 M) bound

to CG-3 (500 uM). Insets are shown at the bottom.

recognition domain of human galectin-3) as a template. The
NMR structure of CG-3 is still to be completed; however, all
the available data are in agreement with the employed model. A
survey of 38 galectin—carbohydrate complexes (Table S1 of the
Supporting Information) was performed to assess the most
frequently occurring position of the terminal galactosyl residue
during binding. On the basis of this analysis, manual docking
was conducted by superimposing the S-p-Galp residue of the
TF antigen with that of N-acetyllactosamine in the crystal
structure of human galectin-3 in complex with this ligand (PDB
entry 1A3K), which was subsequently energy minimized.
Details of the docking, molecular dynamics simulations, and
postprocessing of trajectories are provided as Supporting
Information.

B RESULTS AND DISCUSSION

The interaction of CG-3 (tested as a CRD mimicking the
natural form after proteolytic truncation) with the Thr—TF
antigen conjugate was studied by NMR spectroscopy and
molecular modeling. Combining these two approaches afforded
the structural and conformational characterization of the TF
antigen in the free and in lectin-bound states. In addition, the
interacting epitope of the TF antigen was identified, and the
mobility of CG-3 when accommodating the TF antigen and
lactose was determined and compared. This comparison
allowed us to propose the mode of recognition of the TF
antigen by the galectin.

Binding of the TF Antigen by CG-3. STD experiments
provide key information about the regions of the ligand that
interacts with the protein. The STD spectrum of the TF
antigen bound to CG-3 is shown in Figure 1. The 'H and "*C
NMR assignments of the ligand resonances are summarized in
Figure S1 of the Supporting Information. The protons that
present the highest STD intensities are both H4 of f-p-Galp
and a-p-GalpNAc, with 100 and 71% of the relative STD,
respectively. The next most intense STD effects correspond to
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HS’ and H1’ of f-p-Galp. The rest of the protons present less
than 50% of the relative STD. This pattern is in contrast with
the STD pattern usually observed for the recognition of lactose
by galectins.43 In this well-studied case, H4, HS, and H6 of the
terminal galactose residue receive most of the saturation from
the galectin, while the rest of protons are poorly saturated. The
protons of the Thr residue are overlapping with the protons of
the sugar moiety, but the methyl group of the Thr shows a
small STD effect, <15%, indicating that the interaction of the
amino acid with the protein is rather transient.
Conformation of the TF Antigen in the Free and
Lectin-Bound States. To determine the conformational
preference of the TF antigen in the bound and free states,
we present an evaluation of proton nuclear Overhauser
enhancements (nOes). Typically, nOes are observed for proton
pairs within a maximal distance of 4.0 A. Therefore, changes in
the presence or intensity of nOes are evidence of variations in
the relative spatial orientation of specific proton pairs, which
can be related to specific dihedral angles. The comparison of
the nOe signals from NOESY (free) and TR-NOESY (bound)
was used to identify changes in the conformational preference
of the TF antigen from the free to the bound state. The left-
hand side of Figure 2 shows the NOESY spectrum (free state),
whereas the right-hand side shows the TR-NOESY spectra
(bound state). Insets included in the spectra specify the key
nOes. The observed intraresidue nOe between H1" and HS' of
the f-p-Galp unit as well as the absence of an HI-HS5 nOe or a
strong H1-H2 nOe of the a-pD-GalpNAc moiety permitted
assessment of the typical low-energy chair conformation. These
nOes were maintained when the ligand was bound to CG-3. In
addition, the inter-residue H1'—H3 nOe strongly suggested the
presence of the exo anomeric orientation around the $(1—3)
glycosidic bond, with a ¢ of 60°, in both the free and bound
states. With regard to the a-pD-GalpNAc—Thr linkage, in the
free state the HI-HpS Thr nOe was stronger than the
intraresidue H1—H2 nOe, indicating a very close contact
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Table 1. Relevant nOes (percent) Derived from the Experimental Data and Corresponding Distances”

p-p-Galp-(1-3)-a-n-

B-p-Galp GalpNAc a-D-GalpNAc-(1—0)-Thr
HS—Hy(Me)  HI—Hy(Me)
H1'—HS' H1'-H3 H1-Hp Thr Thr Thr
NOESY? 1% (2.5 A) 0.6% (2.7 A) 11% (24 A)  05% (2.7 A) 0.1% (3.5 A)
TR-NOESY® 1% (2.5 A) 1.4% (2.4 A) 12% (23 A)  nonOe no nOe
unbound model 1, @-D-GalpNAc-OThr (¢, = —43°% 25 A 26 A 3.6 A 53 A 26 A
Wo = —150°)
unbound model 2, a-D-GalpNAc-OThr (¢, = —43°; 25 A 26 A 25A 29 A 44 A
Yo = _200)
manualDock
Figure 4A 25A 25 A 26 A 33A 46 A
best GlideXP pose in Figure 4B 24 A 24 A 31A 31A 43 A

“Distances from molecular models at the defined ¢ and y angles (unbound models 1 and 2) are also included. Distances derived from automated
docking structures are listed at the bottom (bound models 1 and 2). ’n0e enhancements are shown, along with the derived distances in parentheses.
nOes were translated into distances using the isolated spin pair approximation and the intraresidual H1—HS distance for the Gal residue and H1-H2

distance for GalNAc as references.

H5-Hy(Me) Thr

N
Y

H1-Hy(Me) Thr

@ <o
N
e )
o’ yp(® o(® Va(®)
(H1'-C1'-03-C3) (C1'-03-C3-H3) (H1-C1-Oy1-CB) (C1-Oy1-CB-HB)
180, 60 -60, 0, 60 -60, 60 -60, 0, 60, 180
Adiabatic map R -gauche, syn,
anti, +gauche -gauche, syn, +gauche -gauche, +gauche +gauche, anti
unbound model 1 63 7 -43 -150
unbound model 2 63 7 -43 -20
bound model 1 51 14 -38 -39
bound model 2 -17 -43 -70 -58

Figure 3. Adiabatic maps obtained from the rotation of ¢ and y angles at each glycosidic bond. Contour levels are drawn with high- to low-energy
regions colored gradually from red to blue. Superimposed on every map are plotted the interproton distances: H1’—H3 for the -p-GalpNAc-(1—
3)-a-p-Galp linkage and H1—Hy(Me) Thr and HS—Hy(Me) Thr for the a-p-Galp-Thr linkage. The table underneath shows ¢ and y angles
predicted from the adiabatic maps, those derived from nOe information (unbound main, unbound minor, and bound) and those derived from

automated docking structures.

between H1 and Hf of Thr. Moreover, there were nOes
between H1 of GalpNAc and Hy(Me) of Thr (weak) and HS
of GalpNAc and Hy(Me) (medium). The simultaneous
presence of all these nOes suggests the existence of a
conformational equilibrium around y of the a-p-GalpNAc—
Thr linkage in the free state. In the bound state, the relative
intensity of the H1—HJ Thr nOe versus that of the intraresidue
H1-H2 nOe was maintained. In this case, the H1—Hy(Me)
Thr and HS—Hy(Me) nOe cross-peak intensities were below
the noise level. This fact suggests the existence of certain
conformational selection. Because the intensities of the
observed cross-peaks are very similar in both the free and
bound states (although of different sign), the lack of the two
peaks mentioned above, HI—Hy(Me) Thr and HS—Hy(Me),
points toward the recognition of the ¢ = —60° and y = —60°
conformer. Table 1 summarizes the pertinent nOe intensities,
their corresponding distances, and those obtained from
molecular models constructed with ¢, values of —60° and
—60° and y,, values of 180° and —60° for the a-pD-GalpNAc-
(1-0)—Thr bond. Unbound model 1 agrees with the
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presence of the HI—Hy(Me) Thr nOe but does not explain
the nOes between the H1 and Hf of Thr and between HS and
Hy(Me) of Thr. In contrast, unbound model 2 accounts for the
nOes observed between H1 and Hf of Thr and HS and
Hy(Me) of Thr, but not the nOe from H1 to Hy(Me) of Thr.
It is worth noting that all these nOes could arise from —gauche
and +gauche values of ¢, and y,, respectively, except for a
narrow range of y, below 14° for which the distance from H1
to Hy(Me) of Thr is larger than 4 A. The fact that in the free
state, nOes were observed simultaneously for the H1—Hy(Me)
Thr, H1—Hf Thr, and H5—Hy(Me) Thr proton pairs could be
reconciled only with the presence of multiple conformations.
Therefore, in the free state, three interconverting rotamer states
may exist for the y, angle: —gauche, +gauche, and anti. If the y,
anti state were predominant, the HS—Hy(Me) Thr nOe would
not have been observed and the HI-Hf proton pair would
have been weakened with a distance of ~3.6 A. Hence, either or
both of the other two plausible rotamers for the y, angle
(—gauche and gauche) should be present. In contrast, the H1—
Hy(Me) Thr nOe and HS5—Hy(Me) Thr nOe were not

dx.doi.org/10.1021/bi300761s | Biochemistry 2012, 51, 7278—7289
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observed in the bound state. The absence of these nOes
strongly suggests that the —gauche y, rotamer is more
populated in the bound state.

Thus, molecular dynamics simulations (see below) were
employed to rationalize these nOe data. Figure 3 shows the
adiabatic maps obtained by variations in the ¢ and y angles, for
each glycosidic bond. These maps revealed the global and local
minima, providing information about preferred conformations
and flexibility. The corresponding distances are mapped atop
each plot. A summary of the allowed dihedral angles, predicted
by the adiabatic maps, and the corresponding dihedral angles
for TF antigen in the bound and free models, is presented in
the table underneath Figure 3. It should be noted that a
relatively high degree of conformational freedom is associated
with the y angles of both glycosidic bonds. Moreover, an even
flatter energy well was obtained for the ¢ and y angles of the
reducing-end glycosidic bond. The maps coupled with the
experimental nOes demonstrated the preference of the exo
anomeric conformation around the $(1—3) glycosidic bond, in
the free and bound states.

To rationalize the TR-NOESY data, molecular docking of TF
antigen to the binding site of a homology model of CG-3 was
performed. The docking was done in two ways: manual and
automated. The manual docking involved the overlay of the -
D-galactosyl residues of the crystal structure of N-acetyllactos-
amine (PDB entry 1A3K) and the constructed bound-state
conformation of TF antigen (bound model 1), followed by
refinement and GlideXP scoring. The resultant binding pose is
shown in Figure 4A, along with its GlideXP score. Panels B and
C show the binding poses obtained from automated docking.
Panel B (bound model 2) corresponds to the best scoring pose,
while panel C shows a binding pose that is consistent with the
NMR TR-NOESY data (see Figure 3) for the ¢ and y angles of
the TF antigen in the binding poses obtained from GlideXP.
Indeed, the ¢ and y angles of the nonreducing linkage for the
conformer in panel C provided H1’—H3 distances very similar
to those derived from the nOe data. The dihedral angles of the
nonreducing linkage were thus consistent with the exper-
imentally observed conformation. In panels B and C, the
terminal nonreducing S-p-Galp unit has been translated one
sugar unit to the right with reference to the corresponding
residue of N-acetyllactosamine in the crystal structure of PDB
entry 1A3K. Nonetheless, the position of the internal a-p-
GalpNAc residue of the TF antigen was consistent with that of
the terminal f-p-Galp residue of N-acetyllactosamine.

We then sought to determine the possibility of observing the
poses in panels B and C of Figure 4 in reported crystal
structures. Thirty-eight carbohydrate—galectin complexes were
analyzed (see Table S1 of the Supporting Information), from
monosaccharides to hexasaccharides. Thirty-six ligands con-
tained at least one galactosyl residue, either as a terminal or as
an internal residue. Fittingly, the position of one of these
galactosyl residues always coincided with that of S-p-Galp
observed in PDB entry 1A3K, as shown in Figure 4A. The
preference of a galactosyl residue for this position was also
shown in cases confined to monosaccharides (PDB entries
2GAL and 2ZGN), a thioglycoside analogue (PDB entry
1A78), or the a-anomer of lactose (PDB entry 2D6M).
Interestingly, the ligand from PDB entries 3AFK and 3AYA was
the TF antigen, and the position of the f-p-Galp residue also
matched that in PDB entry 1A3K. However, the binding modes
in 3AFK and 3AYA were different relative to that determined
from our TR-NOESY data: in the crystal structures, the methyl
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-7.42 kcal/mol -5.59 kcal/mol

.
A0S

Figure 4. Docking poses of the TF antigen, colored by element type,
with the CG-3 homology model: (A) manual docking, (B) best
scoring pose, and (C) high-scoring pose in agreement with
experimental TR-NOESY data. The GlideXP scores are shown
below each panel. The carbon atoms of the X-ray structure of N-
acetyllactosamine and the TF antigen extracted from PDB entries
1A3K and 3AYA, respectively, are colored lime green and orange,
respectively. (D) Overlays of mono- and disaccharides from eight
galectin—saccharide complexes with PDB entries 1A3K (lime green),
30Y8 (magenta), 2GAL (yellow), 3NV2 (red), 3NAJ (tan), 3AYE
(dark green), 3AYA (orange), and 3AFK (cyan). (E) Overlay of
trisaccharide a-p-GalpNAc-(1—3)-f-p-GalpNAc-(1—3)-f-p-Galp
[PDB entry 2EAL (yellow)] with N-acetyllactosamine [PDB entry
1A3K (lime green)] and the TF antigen from docking to the
homology model (element type).

group of the threonine residue is oriented toward the solvent,
while the TR-NOESY data also indicate a transitory orientation
of this group toward the surface of CG-3. The overlay of eight
mono- and disaccharides is depicted in Figure 4D. Even though
there are positional variations in the reducing-end residues, the
overlap of the nonreducing S-p-Galp residues is evident. This
overlap suggests that this pose is predominant in galectins in
complexes with saccharides bearing a nonreducing-end
galactosyl residue. We also found one case of a trisaccharide
fragment, a-p-GalNAc-(1—3)-f-p-GalpNAc-(1-3)-4-p-Gal
(PDB entry 2EAL), from Forssman pentasaccharide, where
the nonreducing terminal residue was shifted such that the
internal f-p-GalpNAc residue now overlaid with the terminal S-
D-Galp residue of N-acetyllactosamine in PDB entry 1A3K. The
poses obtained from our automated dockings closely mimic this
crystal structure, as outlined in Figure 4B. Analysis of the
stabilizing interactions between the ligands and galectins from
the crystal structure of PDB entry 2EAL and from the docking
(data not shown) revealed that the majority of the contacts
involve the internal --GalpNAc residue (of 2EAL), with only
one hydrogen bond interaction between the nonreducing-end
06 atom and the NE atom of Trp82. Hence, this docking pose
was also included in our MD simulations. The pose was
stabilized by a salt bridge between the NH;* group of threonine
and the side chain of E174, which would be absent if the
nonreducing terminal S-p-Galp residue were fully equivalently
positioned with that in 1A3K. It is noteworthy that this was the
best scoring binding pose from GlideXP docking studies. Also
consistent with the NMR data, the methyl group of the
threonine side chain, although transient, is oriented toward the
protein. Thus, the alternative binding pose might also be
plausible.

Distinctive Molecular Dynamics of CG-3 upon Binding
of the TF Antigen. Initial analysis of the protein backbone
flexibility of human galectin-3 has produced evidence of

dx.doi.org/10.1021/bi300761s | Biochemistry 2012, 51, 7278—7289
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Figure S. (A) Superposition of the HSQC spectra: CG-3 (black) and 1:20 CG-3:TF antigen molar ratio (brown). (B) Superimposition of HSQC
spectra: CG-3 (black) and 1:20 CG-3:lactose molar ratio (blue). (C) Average (‘H and '*N) chemical shift perturbation of CG-3 upon addition of TF
antigen (brown bars) and lactose (blue bars). The residues that are affected by the addition of the TF antigen and not by lactose are annotated. (D)
Model of CG-3 with the TF antigen docked in pose 2 (brown) and lactose docked (blue). CG-3 residues affected only by the addition of the TF
antigen are highlighted in yellow. The proteins are numbered as follows: Y16 (Y108), F43 (F13S), D46 (D138), F47 (F139), HS6 (H148), 169

(1161), S73 (S165), and G80 (G172).

increased conformational entropy upon ligand binding.**** To

evaluate the effect of the TF antigen—Thr conjugate on the
structure of CG-3, we performed 'H—N heteronuclear single-
quantum coherence (HSQC) titration experiments and
compared them to the effect of lactose. In addition, we
conducted molecular dynamics simulations in an attempt to
distinguish between the different binding poses obtained from
docking and to obtain insights into the observed differences in
residue fluctuations in TF antigen and lactose complexes.
Changes in the HSQC spectra (in the absence and presence of
a given ligand) facilitate the identification of the protein
residues that are mostly affected as a result of binding to the
added ligand. Moreover, comparisons of the changes derived by
different ligands permit identification of residues that are
selectively affected. The HSQC spectrum of apo-CG-3 is
colored black in panels A and B of Figure S. The HSQC spectra
after the addition of the TF antigen—Thr conjugate (1:20 CG-
3:TF antigen—Thr conjugate molar ratio) are superimposed in
brown in Figure SA. The spectrum recorded after addition of
lactose (1:20 CG-3:lactose molar ratio) is colored blue in
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Figure SB. Figure SC shows the average chemical shift
perturbation derived from these HSQC experiments, due to
the presence of each ligand, with brown bars for the addition of
TF antigen and blue bars for the presence of lactose. It can be
deduced that those residues affected by lactose binding were
also affected by the addition of the TF antigen. However, some
additional variations were observed when the TF antigen was
added. These extra residues are mapped in yellow in the protein
model, as depicted in Figure 5D. The most evident changes are
shown in the brown bars of the figure, especially for Y108,
F135, H148, 1161, and S165 and to a lesser extent for residues
D138, F139, G172, K217, and K218. All these residues that are
affected by only the TF antigen are located along the f-sheet
surface and at the loops connecting them. Because these
residues are relatively far from the typical lactose binding site,
these observations may suggest the presence of an alternative
binding mode, for example, that observed in PDB entry 2EAL.

Molecular Dynamics Simulations of the Free TF
Antigen and Complexes of CG-3 with the TF Antigen
and Lactose. The nOe- and TR-NOESY-derived interproton
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distances for the p-p-Galp-(1—3)-a-p-GalpNAc linkage
suggested the existence of one major conformer at this site in
both the free and bound states. However, a single conformer
could not account for all the experimental data of the a-b-
GalpNAc-(1—-0)-Thr linkage: two or more y angles could be
populated. Thus, MD simulations were performed to under-
stand the dynamics of the TF antigen in the free state and also
to provide atomic-level insights into the modes of binding of
the TF antigen to CG-3. However, in the course of generation
of the TF antigen—CG-3 complex, two modes were spawned:
manualDock and glideXPDock (see Materials and Methods). It
was therefore necessary to determine which of these poses was
more consistent with the available experimental NMR HSQC,
TR-NOESY, and STD data. To this end, the following analyses
were performed on the entire trajectories of the complexes:
nOe-derived interproton distances, per residue root-mean-
square fluctuations (rmsfs), per residue/atom solvent accessible
surface areas (SASA), intra- and intermolecular hydrogen bond
interactions, and molecular mechanics generalized Born surface
area calculations (MM-GBSA). Furthermore, the entire
trajectories were separated into NMR-consistent and NMR-
inconsistent populations and reanalyzed. From these analyses,
the manualDock complex was selected as the more consistent,
and on this basis, a dynamic binding mode for the TF antigen—
CG-3 complex comprising two poses was proposed.

The root-mean-square deviations showing equilibration of
the free and bound ligand trajectories are shown in Figure S2 of
the Supporting Information. The ring atoms and backbone
atoms of the threonine residue were employed for the free
ligand, while the backbone atoms of the receptor were used for
the complexes.

nOe-Derived Interproton Distances. A comparison of
the experimental and MD-derived interproton distances for
both the free and bound TF antigen is presented in Table 2.

Table 2. Experimental and Computational” nOe-Derived
Distances (angstroms)

NOESY” TR-NOESY®
experimental/ experimental/
MD glideXPDock/manualDock
H1'—HS' 2.5 2.5
2.57 £ 0.20 2.50 + 0.18/2.46 + 0.19
H1'-H3 2.72 2.36
234 + 022 227 + 0.46/2.23 + 0.17
H1-Hp 2.36 233
226 + 0.19 2.30 + 0.20/2.19 + 0.19
HS—Hy(Me) 2.69 no?
3.28 + 0.38 323 +0.27/342 + 0.51
H1-Hy(Me) 3.52 no?
3.84 + 0.35 4.20 + 0.20/3.51 + 046

“The value of {(1/r°)~"/¢ averaged 80 and 20 ns of simulation time for
the ligand and each complex, respectively, for comparison with the
NOESY and TR-NOESY data, respectively. bUnbound ligand. “Bound
ligand. “Not observed nOe.

For the free TF antigen, the nOe distances showed good overall
agreement with the experimental data, including interglycosidic
nOe distances that are important for determining the
conformational properties of carbohydrates. For example, the
H1-Hy(Me) Thr distances of 3.52 and 3.84 + 0.35 A for the
experimental and MD data, respectively, are in good agreement
considering the a-pD-GalpNAc-(1—O)-Thr linkage. The H1'—
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H3 distance is slightly underestimated by the simulation (2.61
A vs 234 + 022 A), while the H5—Hy(Me) Thr distance is
overestimated (2.69 A vs 3.28 + 0.38 A). When CG-3 binds,
the majority of the interglycosidic nOes observed in the free
state of the TF antigen (H1'—-H3 and H1-Hp Thr) are
preserved, suggesting similar conformational properties for
those dihedral angles that influence these interproton distances
(¢p wp and ¢,). The MD interproton distances for both the
glideXPDock and manualDock complexes agreed favorably with
the respective experimental distances. While the H1—Hy(Me)
Thr and H5—Hy(Me) Thr nOes were observed in the free
state, they were not detected in the complex, which is evident
from the TR-NOESY data. These interproton distances are
largely dependent on the values adopted by y, and pointed to
differences in the conformational preferences of this dihedral
angle for the complexed and free TF antigen. The H1—Hy(Me)
Thr distances computed from the glideXPDock and manualDock
trajectories were 4.20 £ 0.20 and 3.51 + 0.46 A, respectively.
Given the 4 A limit of nOe detection,*® the glideXPDock
trajectory seemed to be more consistent in this case, but as will
be shown later, other considerations ruled out the glideXPDock
complex. However, neither glideXPDock (3.23 + 0.27 A) nor
manualDock (3.42 + 0.51 A) trajectories could explain the
absence of the HS—Hy(Me) Thr nOQe.

The average dihedral angles and populations sampled in the
course of the MD simulations are listed in Table S2 of the
Supporting Information. The rotamer populations of the ¢, v,
and ¢, dihedral angles in the glideXPDock and manualDock
complexes echoed those of the free ligand, though the —gauche
w population was remarkably larger (90%) in the manualDock
complex. For the y, torsion angle, the partition was based on
values that could result in a distance of greater than or less than
4.0 A between the a-p-GalpNAc H1 and Thr Hy protons. This
cutoff was determined to be 14° by performing rotations about
the , angle while monitoring the H1—Hy(Me) distances.
Thus, in the free state, two y, rotamers, 32 + 11° and —4 +
13°, were populated with populations of 58 and 42%,
respectively. The disappearance of the HI—Hy(Me) nOe in
the complex indicated a preference for the latter conformer.
This conformer was predominant (88%) in the glideXPDock
complex and existed for only 30% of the time in the
manualDock complex, which explained the H1—Hy(Me)
distances of 420 + 020 and 3.51 + 0.46 A computed from
the glideXPDock and manualDock simulations, respectively.

Root-Mean-Square Fluctuations (rmsfs). As shown
earlier (Figure S), chemical shift differences in the backbone
NH moiety were observed in the spectra of free CG-3, as well
as CG-3 loaded with the TF antigen or lactose. Remarkably,
changes were also observed for residues situated away from the
binding site (Figure SC and Table S3 of the Supporting
Information). For the purpose of determining the extent to
which the glideXPDock and manualDock complexes were
consistent with the observed changes, per residue rmsfs were
calculated from both trajectories and compared with those
computed from a trajectory of apo-CG-3 (Figure S3 of the
Supporting Information). Differences in fluctuations were
observed for the specified residues between apo- and holo-
CG-3, especially for the glideXPDock complex. In particular, for
residues 161, 165, 217, and 218, located on a loop very distal
from the ligand binding cavity, differences in their fluctuations
were more obvious in the glideXPDock system than in the
manualDock complex. Noteworthy, these MD fluctuations
echoed the trends observed in the experimental data: the
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Table 3. Binding Free Energy Changes (kilocalories per mole) Computed from the Trajectories of the GlideXP and Manually

Docked TF Antigen to CG-3

GlideXP docking manual docking

energy igh =1 igh =2 igh =5 igh=1 igh=2 igh=35
(AE4,)° 2470 + 4.57 —24.70 + 2.98 2470 + 4.42 —19.35 + 427 —19.35 + 427 —19.35 + 427
(AEcoul)b —53.51 + 13.99 —53.51 + 13.99 —53.51 + 13.99 —60.25 + 23.51 —60.25 + 23.51 —60.25 + 23.51
(AGpuncn) 5501 + 11.18 62.26 + 11.89 60.80 % 11.63 53.14 + 18.03 60.28 + 18.93 5821 + 18.57
(AG oot —3.94 + 0.32 —3.94 + 0.32 —3.94 + 0.32 —343 + 038 —343 + 038 —343 + 038
(AE,,)* 0.00 0.0 0.0 0.0 0.0 0.0
(AGrorY —27.14 + 457 ~19.89 + 4.01 2135 + 442 —29.89 + 6.69 —22.75 + 6.05 —24.82 + 6.69
—TAS® 0.80 0.80 0.80 0.54 0.54 0.54

“Molecular mechanics van der Waals energy. ®Molecular mechanics coulombic energy. “Polar contribution to the solvation energy. “Nonpolar
contribution to the solvation energy. “Contribution from the bond, angle, and dihedral angle strain energies.fTotal energy excluding contributions

from entropy. *Temperature X conformational entropy.

backbone NH group of S165 showed larger differences in the
complex with the TF antigen than in that with lactose.

Solvent Accessible Surface Area (SASA). The STD data
pointed to a binding pose in which the H4 protons of f-p-Galp
and a-p-GalpNAc are the closest residues from the surface of
the protein. The per residue and per atom SASA values are
presented in Figure S4 and Table S4 of the Supporting
Information.

Hydrogen Bonding Interactions. Hydrogen bonding
interactions were also determined from the trajectories of the
complexes, using donor—acceptor distance and donor—H-—
acceptor angle cutoffs of 3.5 A and 100° respectively. A
hydrogen bond was deemed important if it persisted for at least
5% of the simulation time. The objective was to determine
essential features of the different modes of binding of the TF
antigen and to try to understand the basis of the rotamer
population changes of the y, angle observed in the TR-NOESY
data. The hydrogen bond distances and percent occupancies
from the glideXPDock and manualDock complexes are provided
as Tables S5 and S6, respectively, of the Supporting
Information. Interestingly, the salt bridge that was formed
between the NH;" group of threonine and the carboxyl side
chain of E174 in the GlideXP docked complex was absent
during the explicit-solvent simulation under the constraints
employed here to define hydrogen bonds. A qualitative
description of the intermolecular hydrogen bonds for the
threonine, a-p-GalpNAc, and -p-Galp residues was performed
using the following notation: none, high, and intermediate,
respectively, for the glideXPDock trajectory and low, inter-
mediate, and high, respectively, for the manualDock trajectory.
A larger conformer selectivity of the NMR-consistent y,
dihedral angle was observed for the glideXPDock pose (see
Table S2 of the Supporting Information). However, the
absence of any intermolecular hydrogen bonds between the
threonine residue and the receptor in the glideXPDock
structure, in conjunction with the mutual presence of all
intramolecular bonds involving the threonine residue in both
trajectories, made it difficult to determine the origin of the
conformational preference. With regard to the different binding
poses, the hydrogen bonding data coupled with the per residue
SASA data suggested that the shape of the TF antigen was
“concave” and “convex” for the manualDock and glideXPDock
complexes, respectively, from the perspective of the receptor.
The f-p-Galp and threonine residues occupied the tips, while
the a-p-GalpNAc residue was at the center of the curvature.

Molecular Mechanics Generalized Born Surface Area
(MM-GBSA) Calculations of Interaction Energies. As a
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further step, the glideXPDock and manualDock trajectories were
subjected to MM-GBSA analyses to quantify the interaction
energies between the TF antigen and CG-3 in both complexes.
In this study, only the trajectories of the complexes were
employed, as reported previously for a polysaccharide—
antibody complex.” The advantages of utilizing MM-GBSA
analyses were (1) the ability to decompose the interaction
energies into contributions from molecular mechanics energies,
polar and nonpolar contributions to solvation and desolvation,
van der Waals, and electrostatics and (2) the fact that the use of
several structures derived from MD simulations provided an
average of ensembles as opposed to a single docked structure.
The computed interaction energies and decomposition into
different energy components are listed in Table 3. To
determine the extent to which the results of the computed
free energy changes could be influenced by the choice of
solvation model, igb values of 1, 2, and S were employed.
Overall, the AGpqr indicated that the manualDock complex was
preferred in solution. The conformational entropic penalties
were <1 kcal/mol, although they were slightly higher for the
glideXPDock complex. The presence of several hydrogen bonds
between the TF antigen and CG-3 in both complexes strongly
suggests the predominance of polar interactions for determin-
ing the overall binding free energies. The Coulomb energy
contributions also lent credence to this statement. However, as
expected for carbohydrates, the polar solvation term was very
unfavorable in both complexes and almost neutralized the
Coulomb energy term, thus resulting in the major net favorable
contributions arising from the van der Waals components. A
similar observation has been noted in other studies involving
oligosaccharide—protein complexes.*’ ~* Given the absence of
unanimity in the outcomes of the analyses in determining
which complex was more consistent with the available NMR
data, the manualDock and glideXPDock trajectories were
partitioned into subtrajectories whose 1, angles would result
in the H1—Hy(Me) Thr distance being greater than or less
than 4.0 A (nOe not observed in the NMR analysis). The
trajectories for which the H1—Hy(Me) Thr distance was
greater than 4.0 A were denoted NMR consistent, while those
for which the distance was less than 4.0 A were called NMR
inconsistent. The previous analyses conducted for the entire
trajectories were also performed on these subtrajectories. In the
interest of brevity, the majority of these data are provided as
Supporting Information, and we have highlighted the results
from the NMR consistent trajectory of the manualDock
complex.
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Table 4. Binding Free Energy Changes Computed (ighb = 2) from Subsets of the Trajectories of the GlideXP and Manually

Docked TF Antigen to CG-3

GlideXP docking

manual docking

energy (kcal/mol) NMR consistent

NMR inconsistent

NMR consistent NMR inconsistent

(AE4,)" —24.77 + 2.96 —24.76 + 3.07 —17.76 + 3.84 —20.15 + 4.22
(AE,)* —54.20 + 13.81 —49.08 + 14.41 —65.63 + 26.01 —57.71 + 21.71
(AGgap) 6291 + 11.72 58.15 + 12.40 62.45 + 22.06 5921 + 17.14
(AGnporar)” —3.94 + 032 -3.92 + 035 —3.24 + 032 -3.51 + 037
(AE,)¢ 0.00 0.00 0.00 0.00

(AGrorY —20.00 + 3.94 —1961 + 4.12 —24.18 + 8.65 —22.16 + 5.81
—TAS® 1.24 0.79 128 0.80

“Molecular mechanics van der Waals energy. ®Molecular mechanics coulombic energy. “Polar contribution to the solvation energy. “Nonpolar
contribution to the solvation energy. “Contribution from the bond, angle, and dihedral angle strain energies.fTotal energy excluding contributions

from entropy. *Temperature X conformational entropy.

Figure 6. Two poses for the TF antigen bound to CG-3 identified in the NMR consistent trajectory of the manually docked ligand: (A) pose 1 and

(B) pose 2.

The interproton distances for these subtrajectories are listed
in Table S7 of the Supporting Information. As expected, the
MD-derived H1—Hy(Me) Thr distance compared favorably
and unfavorably with the experimental nOe-derived distances
for the NMR consistent and NMR inconsistent trajectories,
respectively. Interestingly, no significant changes were observed
in the other interproton distances.

In the case of the rmsfs, improvements were observed in the
manualDock NMR consistent trajectory. In particular, residues
K217 and K218 that were very similar in the entire trajectory of
the manualDock complex now showed distinct separations from
values computed from apo-CG-3 (Figure S5 of the Supporting
Information). The corresponding rmsfs for the partitioned
glideXPDock trajectories are given in Figure S6 of the
Supporting Information. The SASA values (see Table S8 of
the Supporting Information) led to the same conclusions
derived from the entire manualDock trajectory, though the
SASA for the H1' proton showed a slight 1.42 A” increase.
Notably, splitting the glideXPDock complex did not alleviate the
high solvent accessibility of H4' in either subtrajectory. The
MM-GBSA-derived interaction energies for these subtrajecto-
ries are listed in Table 4. As was the case with the entire
trajectories, the manualDock complexes were predicted to be
more stable than the glideXPDock complexes, whether NMR
consistent or inconsistent. Interestingly, the manualDock NMR
consistent interaction energies were more favorable than the
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NMR inconsistent counterparts. Of note is the slight increase in
the entropic penalties of these subtrajectories relative to the
complete trajectories: 0.54 kcal/mol for the full trajectory
compared to 1.28 and 0.80 kcal/mol for the manualDock NMR
consistent and inconsistent trajectories, respectively. This is to
be expected given that the conformational space of the bound
TF antigen is further restricted by the partitioning when
compared to the free state. On these bases, two binding poses
were proposed by analyzing the NMR consistent trajectory of
the manualDock complex, as depicted in Figure 6. The
nonreducing-end f-D-Galp residue served as an anchor in
both poses, making strong intermolecular hydrogen bonds with
the receptor. The O4 atom of this residue formed the
characteristic hydrogen bond with the NE2-HE2 proton of
H148 in the binding pocket. In the first pose, pose 1, hydrogen
bond interactions were formed primarily between the threonine
residue and N170 and W171 of CG-3 (Figure 6). This binding
mode can be used for the design of new peptide—carbohydrate
ligands aiming to enhance the participation of the peptide in
the binding recognition. In the second pose, pose 2, hydrogen
bonds were formed predominantly between the internal a-p-
GalpNAc and R134, R152, and R176 of CG-3 (Figure 6). Pose
2 is in agreement with the orientation observed in the X-ray
crystal structure of the TF antigen in complex with the
carbohydrate recognition domain of galectin-3.”* Common to
both poses was a hydrogen bond between the O4 atom of a-p-
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GalpNAc and E174. E174 may serve as an arm that holds a-p-
GalpNAc close to the protein surface during conversions
between the poses. Pose 1 may rationalize the weak STD
enhancement of the Hy(Me) Thr protons. A complete listing of
the hydrogen bonding data is provided in Tables S9 and S10 of
the Supporting Information.

B CONCLUSIONS

In this study, we have analyzed the molecular recognition
teatures of the binding of the threonine O-linked TF antigen to
chimera-type avian galectin-3. The most intense STD effects
correspond to the H4 protons of the f-p-Galp and a-p-
GalpNAc moieties, which is in contrast with the usually
observed STD pattern for the recognition of lactose by
galectins. The weak saturation of the methyl protons of the Thr
residue observed by STD NMR suggests the existence of
fleeting contacts with CG-3. TR-NOESY NMR experiments
and molecular modeling revealed possible differences in
conformational populations between free and bound states.
Analysis of heteronuclear single-quantum coherence titration
(HSQC) binding data indicated that the residues of CG-3
affected upon binding with lactose and the TF epitope were
very similar, being located in the same region around the
expected lactose-binding site. However, the trend of some shifts
in the HSQC spectra was different, indicating disparities in
binding interactions. The differences were observed in residues
localized far from the lactose-binding site along the p-sheet
surface and at the loops connecting them. Molecular dynamics
simulations revealed two possible binding poses of which one,
pose 2, coincides with that of the X-ray resolved crystal
structure of the TF antigen in complex with galectin-3.
Interestingly, pose 1 (Figure 6A) revealed unique low-
occupancy intermolecular interactions formed primarily
between the terminal threonine residue and galectin-3. These
findings are an indication of the fine binding specificity of the
TF antigen toward galectin-3 and demonstrate the importance
of multidisciplinary strategies in revealing the structural and
molecular basis of carbohydrate—lectin interactions. Respective
structural work on human galectin-3 is underway. We are also
undertaking binding studies of human galectin-3 with MUC1
20-mer repeats that have the TF antigen attached at one of the
glycosylation sites to delineate any contribution of the protein
backbone to binding. This way, interspecies differences in these
aspects (interaction with the glycan and peptide parts) are
likely to be identified, facilitating the relation of deviations in
sequence between the two galectins to changes in binding
properties. Moreover, this study may further the development
of novel approaches for the structure-based design of galectin-3
inhibitors with improved affinity and selectivity.
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