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The a-galactomannan Davanat binds galectin-1 at a site different from the conventional

galectin carbohydrate binding domain
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Galectins are a sub-family of lectins, defined by their highly
conserved B-sandwich structures and ability to bind to £-
galactosides, like Gal p1-4 Glc (lactose). Here, we used '°N-
TH HSQC and pulse field gradient (PFG) NMR spectroscopy
to demonstrate that galectin-1 (gal-1) binds to the relatively
large galactomannan Davanat, whose backbone is composed
of f1-4-linked D-mannopyranosyl units to which single D-
galactopyranosyl residues are periodically attached via o1-
6 linkage (weight-average MW of 59 kDa). The Davanat
binding domain covers a relatively large area on the sur-
face of gal-1 that runs across the dimer interface primarily
on that side of the protein opposite to the lactose binding
site. Our data show that gal-1 binds Davanat with an appar-
ent equilibrium dissociation constant (K;) of 10 x 10~° M,
compared to 260 x 10~ M for lactose, and a stiochiome-
try of about 3 to 6 gal-1 molecules per Davanat molecule.
Mannan also interacts at the same galactomannan bind-
ing domain on gal-1, but with at least 10-fold lower avid-
ity, supporting the role of galactose units in Davanat for
relatively strong binding to gal-1. We also found that the
B-galactoside binding domain remains accessible in the gal-
1/Davanat complex, as lactose can still bind with no appar-
ent loss in affinity. In addition, gal-1 binding to Davanat also
modifies the supermolecular structure of the galactoman-
nan and appears to reduce its hydrodynamic radius and
disrupt inter-glycan interactions thereby reducing glycan-
mediated solution viscosity. Overall, our findings contribute
to understanding gal-1-carbohydrate interactions and pro-
vide insight into gal-1 function with potentially significant
biological consequences.

Keywords: diffusion/glycan/lectin/NMR spectroscopy/
protein Q

Introduction

Galectins belong to a sub-family of lectins that bind B-
galactosides, and as a group, share significant amino acid se-
quence conservation in their carbohydrate recognition domain
(CRD) (Barondes et al. 1994). Although galectins in general are
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associated with intracellular functions (e.g., modulating prolif-
eration, apoptosis, pre-mRNA splicing), they are best known
for their extracellular activities in mediating cell—cell and cell—
matrix adhesion and migration by interacting with various gly-
can groups of cell surface glycoproteins and/or glycolipids (Liu
and Rabinovich 2005), whose glycan composition can even
change during the life cycle of a cell (Balcan et al. 2008).
Galectin-1 (gal-1) interacts with various glycoconjugate ligands
of the extracellular matrix (e.g., laminin, fibronectin, $1 sub-
unit of integrins, ganglioside GM1, and lysosomal membrane-
associated proteins lamps 1 and 2), as well as those on endothe-
lial cells (Neri and Bicknell 2005) (e.g., integrins o, 3 and o, fs,
ROBO4, CD36, and CD13) and on T lymphocytes (e.g., CD7,
CD43, and CD45) where it is known to induce apoptosis (Perillo
et al. 1995, 1997). Their binding to cell surface glycoproteins
can also trigger intra-cellular activity. For example, gal-1 inter-
acts with the asp fibronectin receptor to restrict carcinoma cell
growth via induction of p21 and p27 (Ras-MEK-ERK pathway)
(Fischer et al. 2005).

The P(1—4)-galactoside lactose (Gal-B(1—4)-Glc) is the
simplest carbohydrate to which galectins bind, and one which is
used most often to delineate galectin function and structure—
activity relationships in vitro (Barondes et al. 1994). In
general, our structural knowledge of saccharide—galectin in-
teractions has been limited to galectin bound with lactose
(Nesmelova, Dings, et al. 2008), N-acetyllactosamine (Walser
et al. 2004; Nagae et al. 2006), trisaccharide (Nagae et al. 2006),
and an N-acetyllactosamine octasaccharide (Bourne et al. 1994).
In all these cases, a B-galactoside-containing disaccharide moi-
ety was shown to bind a galectin in a similar fashion at its
classical CRD, and even the largest one, N-acetyllactosamine
octasaccharide, has the remaining six saccharide units jetting
out from the galectin CRD into solution, with the inference that
another galectin CRD could bind the free end of the octamer to
induce some type of galectin-octasaccharide polymerization.

However, glycans from various cell surface glycoproteins and
glycolipids are far more complicated in situ than any of these
simple model polysaccharides used to date to investigate gal-
1-carbohydrate binding. Natural cell surface glycans are larger,
heterogeneous in size and composition, and densely packed and
therefore self-associating. Because of this, it is likely that gal-1
interacts to some extent with saccharide units other than p-
galactosides in natural glycans. Werz et al. (2007) reported that
although B-D-galactose comprises 23% of all terminal monosac-
charides in mammalian cell surface glycans, a-D-galactose and
D-mannose (in various anomeric states) comprise about 2.3%
and 18.9% of them, respectively.

In the present study, we used NMR spectroscopy to in-
vestigate binding of gal-1 to a relatively large galactoman-
nan, Davanat (weight-average molecular weight of 59 kDa)
(Miller, Klyosov, et al. 2009). Davanat is composed of a
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Davanat Repeat Unit

Fig. 1. Chemical structure of the repeat unit in Davanat. Davanat is a galactomannan, whose backbone is composed of (1— 4)-linked f-D-mannopyranosyl units to
which single a-D-galactopyranosyl residues are periodically attached via a (1—6)-linkage, with an average repeating unit of 17 B-D-Man residues and 10 a-D-Gal
residues, and an average polymeric molecule containing approximately 12 such repeating units.

(1—4)-linked B-D-mannopyranosyl backbone to which single
a-D-galactopyranosyl residues are attached via (1— 6)-linkages
and has a weight-average molecular weight of 59 kDa (Platt
et al. 2006). A segment of a Davanat repeat unit is illustrated
in Figure 1. The a-galactomannan has an average repeat unit of
17 B-D-Man residues and 10 a-D-Gal residues, with an average
polymeric molecule containing approximately 12 such repeat-
ing units (Platt et al. 2006). Davanat is presently being used
against metastatic colorectal cancer in Phase II clinical trials
(see http://clinicaltrials.gov/ct2/show/NCT00110721).

Results

Gal-1 binds to Davanat

Figure 2A shows a 'H-'>N HSQC spectrum of uniformly '°N-
enriched gal-1 (2 mg/mL), with cross-peaks labeled as assigned
previously (Nesmelova, Pang, et al. 2008). At this concentra-
tion, galectin-1 is a dimer (Barondes et al. 1994). As Davanat is
added to solution, gal-1 resonances are differentially decreased
in intensity (broadened), as exemplified with !> N-enriched gal-1
HSQC spectra acquired at gal-1:Davanat molar ratios of 30:1
and 15:1 (Figure 2B and C, respectively). Intensity changes are
better appreciated in HSQC spectral expansions shown below
each of the full HSQC spectra in Figure 2. Because all three
spectra were collected, processed, and plotted the same way, it
is apparent that some cross-peaks have disappeared, some are
greatly reduced in intensity, and others appear relatively un-
perturbed. The initial conclusion from these data is that gal-1
interacts with Davanat, an a-galactomannan. The observed dif-
ferential intensity change or broadening of gal-1 resonances is
primarily the result of exchange between/among gal-1 and bind-
ing sites on Davanat that occurs on the intermediate chemical
shift time scale (Keeler 2005). These HSQC data also indicate
that the overall folded structure of the gal-1 CRD is not signif-
icantly perturbed by binding to Davanat, because even though
'H->N resonances are differentially broadened during the titra-
tion, chemical shifts of resonances remaining during the titration
are mostly unchanged. Although this same reasoning suggests

that the gal-1 dimer remains intact upon binding Davanat, we
cannot state this conclusively.

Davanat binding domain on gal-1

By using these HSQC data, we could identify those gal-1
residues most affected by binding Davanat. We do this in a way
that is similar to HSQC chemical shift mapping (Rajagopal
et al. 1997), which is performed when binding interactions
occur in the fast or slow exchange regimes on the chemical
shift time scale. In these instances, resonances are chemically
shifted, and little broadened, during the titration with ligand. In
our case, gal-1 resonances initially may be shifted somewhat by
the interaction with Davanat, but are primarily broadened due to
the exchange process which falls in the intermediate exchange
regime on the NMR chemical shift time scale (Keeler 2005).
There are a number of factors that can contribute to a system
falling into a particular NMR exchange regime. However, in
general as a system goes from fast to intermediate to slow
exchange, the life time of the complex increases, i.e., binding
becomes relatively stronger.

Because interactions occurring on the intermediate exchange
time scale may not show discrete resonances, the way in which
we present observed broadening effects is different from the
way in which we would show 'H- and "’N-weighted-average
chemical shift changes for a system in the fast or slow exchange
regimes. In the intermediate exchange regime, we show differ-
ential broadening at a molar ratio where most resonances are
still observed, but are at lower intensities due to broadening. We
refer to this as HSQC resonance broadening mapping to distin-
guish it from HSQC chemical shift mapping. The interpretation
is essentially the same as with HSQC chemical shift mapping,
i.e., those resonances that are initially broadened the most are
associated with that site(s) on gal-1 that interacts with Davanat.
In general, fractional changes are calculated by subtracting from
one the intensity of a given HSQC cross-peak divided by that in
pure gal-1 at the same protein concentration. A value of 1 indi-
cates that a resonance is no longer apparent, and a value of zero
indicates no change in resonance intensity. We create the HSQC
resonance broadening map by taking fractional changes in gal-1
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Fig. 2. 'H-'>N HSQC spectra for gal-1 with and without Davanat. HSQC spectra are shown for ' N-enriched gal-1 (1 mg/mL) alone (A) and at gal-1:Davanat
molar ratios of 30:1 (B) and 15:1 (C). Spectral expansions are provided below each plot to better visualize the observed resonance broadening as Davanat is added
to the gal-1 solution. Resonances in the expansion plots are labeled with assignments reported by Nesmelova, Pang, et al. (2008).

HSQC resonance intensities observed at a low Davanat:gal-1
molar ratio (where most gal-1 resonances are still apparent) and
by plotting them versus the amino acid sequence of gal-1. This
is illustrated in Figure 3. Clearly, some gal-1 residues are more
affected than others.

Gal-1 has a B-sandwich structure that comprises 11 B-strands
identified in Figure 3. The lactose binding face of gal-1 has p-
strands 1, 10, 3, 4, 5, and 6, in that order with strand 1 at the dimer
interface. The lactose binding domain itself primarily involves
B-strands 4, 5, 6, 9, and interconnecting loops. The opposite face
of gal-1 starts with B-strand 11 at the dimer interface (and across
from B-strand 1 in the B-sandwich), followed by p-strands 2, 7,
8, and 9. From Figure 3, note that residues within the lactose
binding domain are generally least affected by the presence of
Davanat, whereas residues on the opposite face are on average
most affected. This is perhaps better appreciated in Figure 4A,
which highlights the most affected residues on the structure of
the gal-1 dimer. The region with which Davanat interacts is on
the face of gal-1 opposite to where lactose binds (Figure 4A,
right) and comprises a rather broad swath that traverses the gal-1
dimer interface.

The residues most affected are L9, N10, G14, R18, R20, G21,
V23, K28, N33, L34, K36, N46, I58, G69, Q80, G82, A85, C88,
189, F91, D92, 1L.96, L100, D102, Y104, R111, N118, K129,
C130, A132, and F133. The side-chains of these residues are
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illustrated in the gal-1 dimer in Figure 4B. Overall, the amino
acid residue composition is quite similar to that of the lactose
binding site, where key residues are primarily polar (N46, N61,
H44, R48, H52, E71) or hydrophobic (W68). Because interme-
diary exchange broadening made it difficult to perform "N- or
13C-edited NOESY to identify NOEs between groups on the
protein and glycan, we can only suggest the potential for similar
types of protein—glycan interactions, namely hydrogen bonding
and hydrophobic interactions.

Our HSQC data can also be used to estimate the gal-1/Davanat
apparent binding affinity by plotting the average fractional
change in gal-1 HSQC resonance intensities as a function of
Davanat concentration, as shown in the inset to Figure 3, with
the solid line showing the fit to the data. An apparent K,
value is estimated at the point on this curve where 50% of
the gal-1 molecules are bound to Davanat. The average frac-
tional intensity change of 0.5 (50% bound) occurs at a Da-
vanat concentration of 0.5 mg/mL, which corresponds to an
apparent K; value of about 10 x 107® M using the 59 kDa
weight-average molecular weight of Davanat (Miller, Klyosov,
et al. 2009). This value represents a weighted average over all
binding sites on the glycan and is consistent with observed
resonance broadening that places the system in the intermedi-
ate exchange regime on the chemical shift time scale (Keeler
2005).
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Fig. 3. Gal-1/Davanat binding from HSQC resonance broadening map.
Fractional changes in gal-1 resonance intensities observed at a gal-1:Davanat
molar ratio (20:1) where most gal-1 resonances are still apparent versus the
amino acid sequence of gal-1. A value of 1 indicates that the resonance
associated with that particular residue is no longer apparent, and a value of
zero indicates no change in resonance intensity. The 11 B-strands in gal-1 are
identified below the residue number. The inset shows the average fractional
change (£SE) in gal-1 HSQC resonance intensities versus the concentration
(mg/mL) of Davanat. The solid line represents a sigmoidal fit to the average of
these values at each point.

Gal-1 also binds to mannan

To assess whether galactose units in Davanat were necessary
to gal-1 binding, we performed 'H-'">N HSQC experiments on
SN-enriched gal-1 in the presence of a mannan (weight-average
molecular weight of 50 kDa) at concentrations of 4, 8, 16, and 32
mg/mL. We observed that mannan broadened gal-1 resonances
in a similar fashion as Davanat. Figure 5 shows an HSQC reso-
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Fig. 5. HSQC resonance broadening map for binding of mannan to gal-1.
Fractional changes in gal-1 (4 mg/mL) HSQC resonance intensities in the
presence of mannan (16 mg/mL) versus the amino acid sequence of gal-1. A
value of 1 indicates that the resonance associated with that particular residue is
no longer apparent, and a value of zero indicates no change in resonance
intensity. The 11 B-strands in gal-1 are identified below the residue number.
The inset shows the average fractional intensity change (£SE) of cross-peaks
versus the mannan concentration (mg/mL). The solid line represents a
polynomial fit to these data.

nance broadening mapping which plots gal-1 HSQC cross-peak
intensities versus the amino acid sequence. As with Figure 3 for
Davanat, a value of 1 indicates that the resonance associated with
that particular residue is no longer apparent, and a value of zero
indicates no change in resonance intensity. Although mannan
binding mostly affects B-strands 2 and 11 on gal-1 (Figure 5), a
comparison of Figures 3 and 5 shows that mannan and Davanat
generally bind at the same region on gal-1.

Dimer
Interface

Fig. 4. Davanat binding domain on gal-1. (A) Residues on the folded structure of gal-1 that have been most affected by binding to Davanat are highlighted in red
and orange as discussed in the text. The x-ray structure of lactose-bound human galectin-1 has been used in this figure (pdb access code: 1gzw, Lopez-Lucendo et
al.) (2004). The orientation at the left shows the face of the dimer where Davanat binds. The gal-1 dimer interface is also indicated. The orientation at the right
shows the opposite side of the dimer where lactose binds. (B) Illustration of gal-1 residues in the Davanat binding domain. Polar, positively charged, and
hydrophobic residues are colored in orange, blue, and green, respectively. For reference, the lactose molecule in its binding site is shown in purple.
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Nevertheless, gal-1 binds mannan considerably more weakly
than it does Davanat. The inset to Figure 5 plots the average
intensity change of cross-peaks from the most affected residues
versus the mannan concentration. At a fractional intensity
change of 0.5 (50% gal-1 bound), the mannan concentration
is about 7 mg/mL, which corresponds to an apparent K; value
of about 140 x 107% M using a 50 kDa weight-average molec-
ular weight for this mannan preparation. This value is 14-fold
larger than that found for Davanat (10 x 10~® M), indicating that
mannan binding to gal-1 is about 14-fold weaker than Davanat.

Lactose can bind the gal-1/Davanat complex

We confirmed that Davanat does not interact directly with the -
galactoside binding site on gal-1 by demonstrating that lactose
can still bind at this site in the gal-1/Davanat complex. For this
experiment, we started with a solution of 'YN-gal-1:Davanat
(molar ratio of 10:1), added lactose at concentrations of 1, 3,
and 10 mM, and acquired 'H-'>N HSQC spectra at each point
in the titration. We used a gal-1:Davanat molar ratio of 10:1
where much of the gal-1 is unbound because otherwise there
would be little or no NMR signal to observe due to broadening
from chemical exchange on the intermediate chemical shift time
scale. We did perform the experiment at a 5:1 gal-1:Davanat
molar ratio, and lactose still bound, although we could not follow
chemical shifts of many of the gal-1 cross-peaks due to their
absence from the spectrum (data not shown).

Figure 6A overlays HSQC spectral expansions for '’N-gal-
1:Davanat (10:1) and the three lactose additions. The HSQC
spectrum for ' N-gal-1:Davanat without lactose (black cross-
peaks) is essentially the same as that shown in Figure 2C, where
resonances are differentially broadened (reduced in intensity or
not observed, e.g., N46, E74, D92 in Figure 6A), as described
above. Although cross-peak intensities, e.g., for N46 and D92
are highly attenuated, they are evident at lower levels in the
spectrum (not shown). As lactose is added (magenta for 1 mM,
red for 3 mM, and blue for 10 mM), these resonances generally
tend to increase in intensity and are the most highly shifted in
this expansion region, as highlighted with the dashed boxes.

Lactose-induced chemical shift changes for N46, E74, and
D92 in the gal-1/Davanat complex are essentially the same as
those observed with gal-1 alone at the same lactose concentra-
tions (Figure 6B). In fact, the same can be said for all gal-1
cross-peaks, as illustrated by HSQC chemical shift maps shown
in Figure 6C and D. A linear fit of shift changes in one case
plotted versus the other yields a regression coefficient of 0.94,
indicating that lactose binds essentially the same way to its
quintessential binding site in the gal-1/Davanat complex, as it
does to that site in gal-1 alone.

We also found that lactose binding affinities are essentially
the same for free gal-1 and for the gal-1/Davanat complex, as
illustrated in Figure 6E and F where we plot fractional changes
in gal-1 '"H-'>N-weighted HSQC resonance chemical shifts as a
function of the lactose concentration in the presence and absence
of Davanat, respectively. The solid line represents a sigmoidal fit
through average values at each lactose concentration point. K,
values were estimated at that point on either curve where 50%
of the gal-1 binding sites are occupied with lactose (0.5 frac-
tionﬁbound). K, values are essentially the same, namely 250 x
107° M.
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In either case because gal-1 resonances are simply shifted
by the addition of lactose, ligand exchange at the p-galactoside
binding site is relatively fast on the chemical shift time scale.
With Davanat, however, ligand exchange occurs on a relatively
slower time scale (intermediate chemical exchange), as evi-
denced by the presence of gal-1 resonance broadening dis-
cussed in the previous section. Now, when lactose binds the
gal-1/Davanat complex, the Davanat-induced broadening is ini-
tially somewhat reduced, i.e., resonance intensity increases, sug-
gesting that lactose binding induces somewhat lower affinity or
avidity of gal-1 for Davanat. This is exemplified in Figure 6A, in
particular with the behavior of resonances for N46 and D92 and
to a lesser extent with E74. The cross-peak for N46 is not even
apparent prior to the addition of 1 mM lactose, after which it
is increased in intensity (compare with N46 intensity in Figure
6B). The D92 resonance is increased in intensity only at 1 mM
lactose.

Similar trends are noted for other gal-1 resonances, as illus-
trated in Figure 7A which shows HSQC resonance broadening
maps for gal-1:Davanat (10:1) in the absence (top) and pres-
ence (bottom) of 1 mM lactose. As with Figure 3B, a value
of 1 indicates that the resonance associated with that particu-
lar residue is no longer apparent, and a value of zero indicates
no change in resonance intensity. A simple average in frac-
tional broadening over all residues in the gal-1:Davanat complex
(Figure 7A) goes from 0.72 in the absence of lactose to 0.51 in
the presence of 1 mM lactose. Most gal-1 resonances behave
like D92 (Figure 6A), as illustrated in Figure 7B which plots
trends for 28 other residues. In this regard, resonance broaden-
ing is diminished upon the addition of 1 mM lactose, and then
is increased again as more lactose is added to the solution. In
either instance, gal-1 remains bound to Davanat, as indicated
by sustained gal-1 resonance broadening. To some extent, lac-
tose binding to the gal-1/Davanat complex apparently modulates
affinity of gal-1 for Davanat, which suggests that when lactose
binds the complex, gal-1 undergoes a conformational transition,
however minor.

One concern we had with the interpretation of simultaneous
binding was that for technical reasons we had to use a gal-
1:Davanat molar ratio of 10:1, such that much of the gal-1 was
unbound. Therefore, we could be observing lactose binding to
free gal-1. However, the Davanat/gal-1/lactose system is contin-
ually exchanging, and the effect we observe should be the result
of some weighted averaging. Moreover, the lactose concentra-
tion was taken up to greater than saturating levels, and Davanat
remained bound to gal-1, as evidenced by sustained gal-1 reso-
nance broadening in the presence of Davanat and lactose. In this
regard, it does appear that lactose and Davanat can bind gal-1
simultaneously.

From the glycan side

In our NMR experiments, we actually observe an average effect
from gal-1 binding to glycans in the Davanat preparation that
vary somewhat in size (Miller, Klyosov, et al. 2009). Therefore,
we performed pulse field gradient (PFG) NMR diffusion exper-
iments to derive diffusion coefficients, D, for insight into what
occurs from the perspective of glycan molecules when they bind
gal-1. For the most part, changes in D-values reflect changes
in molecular size (apparent molecular weight and hydrody-
namic radius) and/or solution viscosity due to intermolecular
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of expansions from two HSQC spectra of 15N-enriched gal-1 (1 mg/mL) alone (black cross-peaks) and with the addition of lactose at 1 mM (magenta), 3 mM (red),
and 10 mM (blue). Resonances in expansion plots in A and B are labeled as assigned previously by Nesmelova, Pang, et al. (2008). (C) ’N-'H-weighted chemical
shift differences (A3) of gal-1 resonances observed upon the addition of lactose to a solution of gal-1 containing Davanat as in A versus the amino acid sequence of
gal-1. (D) N-'H-weighted chemical shift differences (A3) of gal-1 resonances observed upon the addition of lactose to a solution of gal-1 alone as in B versus the
amino acid sequence of gal-1. (E) The fractional chemical shift changes of the 20 most shifted resonances of gal-1 in the presence of Davanat (from data as
exemplified in A) as a function of lactose concentration. (F) The fractional chemical shift changes of the 20 most shifted resonances of gal-1 alone (from data as
exemplified in B) as a function of lactose concentration. The solid lines in both E and F represent sigmoidal fits to the averages of these values at each point, as

discussed in the text.

interactions among these “sticky” glycans (Daas et al. 2000). A
smaller D-value generally indicates an increase in molecular size
and/or viscosity, and vice versa. In addition, because polysac-
charides generally have no stable globular core, D-values for
Davanat may also depend on internal motion to a greater de-
gree than for a protein, whereby greater internal flexibility is
reflected in a larger D-value.

For these NMR diffusion experiments, we maintained the
concentration of Davanat at 4.6 mg/mL, titrated gal-1 into
the glycan solution, and observed effects on D derived from
gradient-induced decay or dephasing of 'H resonances from
Davanat. A '"H NMR spectrum of Davanat is shown in
Figure 8A. Although knowledge of specific resonance assign-
ments is not necessary to our analysis, the range of 'H chemical
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shifts expected for the various chemical groups in this galac-
tomannan is indicated below the spectrum, as complied from a
number of studies (Ikuta et al. 1997; Taguchi et al. 1997; Ishrud
et al. 2001; Takita et al. 2001; Rakhmanberdyeva and Shashkov
2005). Anomeric 'H resonances (not shown) are found at 4.69—
4.78 ppm for mannose and 4.98-5.06 ppm for galactose.

The inset to Figure 8A exemplifies how resonances decay as
a function of increasing gradient strength according to Eq. (1)
(see Material and methods), with the most intense resonance
at the start of the measurement when the gradient strength is
zero. As the gradient strength is increased, resonances become
more dephased and therefore decrease in intensity. If Davanat
were composed of single-sized glycan molecules and internal
motional differences were absent, D-values derived from in-
dividual resonances that represent different chemical groups
within the glycan molecule would be the same or very nearly
the same. However, Davanat is a polydispersed polysaccharide
(Miller, Klyosov, et al. 2009), and for reasons mentioned above,
D-values do vary depending upon which Davanat resonance was
used to derive a given D-value. This is evident in the inset to
Figure 8A where gradient-induced dephasing within the reso-
nance envelope around 3.83-3.86 ppm is not uniform. It is for
this reason that we measured diffusion-mediated decay curves
for several of the Davanat resonances.

By plotting the logarithm of the fractional change in 'H res-
onance intensity (resonance intensity divided by the initial in-
tensity at zero gradient) versus gradient strength, one obtains
decay curves whose slopes yield diffusion coefficients, D (see
Material and methods, Eq. 1). Figure 8B and C show decay
curves for two resonances of Davanat (3.7 ppm and 3.94 ppm)
as a function of increasing gal-1 concentration (indicated at the
right of each curve). For pure Davanat, the decay curve for the
resonance at 3.94 ppm (Figure 8B) appears linear, whereas that
for the resonance at 3.7 ppm (Figure 8C) is slightly curvilinear.
Decay curves appear linear when D-values vary only by about
5-10%. Similar variations are observed for decay curves from
other Davanat resonances. For curvilinear decay curves, we can
estimate the fraction of the slow decay component from the Y-
intercept, if we assume the presence of only two species. Dashed
lines in Figure 8A and B are shown through the final 6-8 points
of the curves to indicate the slow decay components. Linear fits
to these points are very good, with regression coefficients greater
than 0.9. The fractional contribution of these slow components
to the full decay curves can be estimated from the Y-intercept
of the linearly extrapolated curves (dashed lines). In general,
we find that the fast and slow decay components account for
about 10 and 90%, respectively, of individual curvilinear decay
curves. Because the fraction of the “fast component” is min-
imal, we focused our analysis on the slower component. The
presence of the “fast component” could result from increased
internal motions of various carbohydrate units within Davanat.

When the initial aliquot of gal-1 (0.5 mg/mL) is added to the
Davanat solution, the slope of a slow decay component increases
greatly (Figure 8B and C), corresponding to a dramatic increase
in D. This trend is reversed by subsequent additions of gal-1 that
lead to less steep decay curves and therefore decreases in D. In
Figure 9, we plot D-values for the major resonances of Davanat
as a function of the concentration of gal-1. Regardless of the
resonance, we observe that D-values usually increase initially
upon the addition of gal-1, and then decrease at higher gal-
1:Davanat molar ratios, before tending to level off. At that point
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Fig. 9. Diffusion coefficients for Davanat. (A) D-values for the slow
component of the deconvoluted diffusion decay curves are plotted versus gal-1
concentration. (B) Lines indicating diffusion coefficients for standard glycans
and proteins versus their molecular weights are shown as discussed in the text.
The dashed line indicates a hypothetical situation for protein bound to glycan,
where the complex is neither protein nor glycan, but some combination of both.

where these curves tend to level off (gal-1 concentration of 3 to 6
mg/mL or 207 x 107® M to 414 x 1076 M, respectively), we can
estimate binding stoichiometry. With the Davanat concentration
at 4.6 mg/mL (78 x 10~® M), an average molecule of Davanat
would be able to bind about 3 to 6 gal-1 monomer equivalents.

The initial sharp increase in D occurs at about a gal-1:Davanat
molar ratio of 1:2, and then falls prior to reaching a molar ratio
of 1:1. At these initial gal-1 concentrations, most of the gal-1
should be bound to the glycan (vis-a-vis our NMR HSQC data
presented above), yet D-values increase, suggesting the oppo-
site. Some likely explanations for this apparent conundrum are
that (1) gal-1 binding disrupts the extensive inter-glycan net-
work that contributes to the normally high solution viscosity of
the Davanat solution, (2) the hydrodynamic radius of the glycan
is decreased by gal-1 binding, and/or (3) gal-1 binding increases
internal flexibility of the glycan molecules. In any event, gal-1
binding alters Davanat conformation and likely perturbs inter-
glycan interactions.

Discussion

Here, we report that gal-1 binds an a-galactomannan (Davanat)
and an oligomannan at a site that is distinct from the galectin p-
galactoside binding domain. Davanat, which is composed of
(1—4)-linked B-D-mannopyranosyl units to which single o-
D-galactopyranosyl residues are attached via (1— 6)-linkages
(Platt et al. 2006), binds gal-1 over a broad swath that traverses
the dimer interface on that side of the protein opposite the -
galactoside binding domain. The presence of numerous polar
residues within this carbohydrate binding domain is consistent
with it being able to promote protein—glycan interactions. More-
over, it appears that this binding domain could accommodate a
mannan backbone chain length of about 10 saccharide units that
wrap around the surface of gal-1, much as was found for heparin
binding to platelet factor-4 (Mikhailov et al. 1999). The binding
of gal-1 to this a-galactomannan (Davanat) and oligomannan
in this fashion is surprising given results from other studies
using mannose or oligomannans. In the x-ray crystal structure
of mannose-bound gal-10, the monosaccharide clearly interacts
at the normal B-galactoside binding domain, albeit somewhat
differently from, e.g., lactose (Swaminathan et al. 1999). In two
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other studies, gal-3 was shown to bind $-1,2-linked oligoman-
nans, either on the surface of Candida albicans or conjugated
to bovine serum albumin (Fradin et al. 2000; Kohatsu et al.
2006). However, in one of those studies (Fradin et al. 2000), p-
1,2-linked oligomannan could not be competed off by lactose,
suggesting that the oligomannan bound to gal-3 at a site other
than the pB-galactoside binding domain. Moreover, in the other
study (Kohatsu et al. 2006), even 100 mM lactose did not com-
pletely eliminate binding of gal-3 to B-1,2-linked oligomannans
on the surface of C. albicans. Here, we observed that lactose and
an a-galactomannan can bind simultaneously to gal-1, indicat-
ing the presence of two carbohydrate binding domains on gal-1.
In this regard, it may be that p-1,2-linked oligomannans also
bind to an analogous secondary binding site on gal-3. Many of
the amino acid residues within the a-galactomannan (Davanat)
binding domain on human gal-1 are conserved in sequences of
other galectins (Nesmelova, Dings, et al. 2008).

We also found that mannan devoid of galactose bound gal-
1 with significantly reduced affinity compared with the a-
galactomannan Davanat (K, = 1 X 10° M~! for Davanat,
compared to 0.7 x 10* M~! for mannan). This suggests that
galactose units in the context of this mannan backbone pro-
mote greater binding affinity to gal-1. However, it remains un-
known whether galactose must be attached to the mannan via
an o(1—6)-linkage, as in Davanat. It has been reported that gal-
1 binds better to some a-galactosides than to their B-anomers
(Appukuttan et al. 1995). Appukuttan (2002) found that gal-1
bound to natural glycoproteins, artificially glycosylated pro-
teins, and oligosaccharides containing terminal a-linked galac-
tose (normally a(1—3) in these oligos) more strongly than
to oligos with terminal p-linked galactose. In addition, Wu et
al. (2006) reported that gal-5 bound more strongly to some
blood group oligosaccharides when an a(1— x)-galactose was
added to the terminal Galp1-4GIcNAc or Galg1-3GIlcNAc core
oligosaccharides and that the carbohydrate binding domain was
composed of a shallow groove large enough to accommodate a
pentasaccharide with an a-anomeric galactose.

The binding of gal-1 to Davanat and mannan at this nontra-
ditional carbohydrate binding domain prompts the question of
biological relevance. While we have no direct answer, we do
know that gal-1 function is related to its ability to bind to gly-
cans on the extracellular matrix and cell surface (Perillo et al.
1995, 1997, Fischer et al. 2005; Neri and Bicknell 2005), and
our study does expand the view of how gal-1 may interact with
cell surface glycans. Our results also demonstrate that lactose
can still bind to the gal-1/Davanat complex at its quintessential
B-galactoside binding site, with no apparent change in its affinity
for the CRD. Nevertheless, lactose is not the in vivo ligand for
gal-1, and binding to biologically more relevant oligosaccharide
structures/ligands could very well be influenced by Davanat. In
any event, it is interesting to propose that this dual mode of the
gal-1/glycan interaction may facilitate glycan cross-linking in
situ, as many different saccharides comprise mammalian cell
surface glycans (Werz et al. 2007). For example, while p-D-
galactose comprises 23% of all terminal monosaccharides, o-
D-galactose comprises 2.3% of them, and D-mannose, in one
anomeric state or another, comprises 18.9%, with terminal a-D-
mannose residues coming in at 8.2%. Moreover, the composition
of cell surface glycans continually changes during the life of a
cell (Balcan et al. 2008; Laughlin et al. 2008; Rodgers et al.
2008), as well as being dependent upon its pathological state
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(Fukuda 1996; Daniels et al. 2002; Kannagi et al. 2004) and
temporal/spatial dynamics (Rabinovich et al. 2007).

Davanat has been developed as a therapeutic inter-
vention against cancer (see http://clinicaltrials.gov/ct2/show/
NCTO00110721), and we demonstrated here that Davanat in-
teracts with gal-1 which is known to be crucial to tumor growth
via promotion of tumor endothelial cell adhesion and migration
(Thijssen et al. 2006). Even though Davanat does not greatly in-
fluence carbohydrate binding at the quintessential 3-galactoside
binding site on gal-1 nor does it significantly perturb the gal-1
monomer structure or apparently dimer stability, its mechanism
of action could be explained by simply sequestering gal-1 to
perturb normal gal-1 mass action, or by inducing changes in
the microenvironment around gal-1 and cell surface glycans, or
by affecting the gal-1-glycoconjugate supramolecular structure.
Any of these could influence gal-1 function in terms of cell
adhesion/migration, glycan cross-linking, and/or glycoconju-
gate receptor signaling.

Gal-1 binding to Davanat clearly affects physicochemical
properties of the glycan in solution. As with all oligosaccha-
rides in aqueous solution, galactomannans like Davanat are vis-
cose, even at low concentration due to their high hydrodynamic
volume (Daas et al. 2000). The relatively high viscosity results
from the mannan backbone concentration and is independent
of the galactose content which apparently determines overall
solubility. D is related to the molecular size (apparent weight-
average molecular weight and hydrodynamic radius). At infinite
dilution, Davanat exhibits an average D-value that reflects an
apparent weight-average molecular weight of 59 kDa (Miller,
Klyosov, et al. 2009). At the start of the titration with gal-1,
Davanat at 4.6 mg/mL (Figure 8) has a D-value that reflects
an apparent molecular weight of 110 kDa due to intermolecu-
lar interactions among glycan molecules. The addition of small
amounts of gal-1 causes D for Davanat to increase. This obser-
vation seems to contradict the fact that gal-1 binds the glycan,
which should have resulted in a decrease in D. The onset of this
effect occurs when only one or a few gal-1 binding sites on an
average molecule of Davanat become occupied. Although it is
unclear how this occurs on the molecular level, it is likely that
gal-1 binding reduces intermolecular interactions among glycan
molecules, which is fundamental to glycan-induced viscosity.
The initial increase in D could also result from a drop in the
hydrodynamic radius (and to some extent an increase in inter-
nal flexibility) of the glycan when it becomes complexed with
small amounts of gal-1. Using the Stokes—Einstein relationship
(Cantor and Schimmel 1980), the change in Ry would be about
78-51 A, which would be an appreciable change in molecular
volume. In this respect, it is most likely that some combination
of a change in Ry and decrease in inter-glycan interactions (i.e.,
reduced solution viscosity) is occurring. As the titration contin-
ues, D-values then decrease as more and more gal-1 is bound
to the glycan and levels off as binding saturation occurs. Nev-
ertheless, gal-1 binding to Davanat causes the supermolecular
structure of the glycan to be changed, attenuates inter-glycan
interactions, and results ultimately in glycan decongestion. We
have observed this phenomenon previously in gal-1 binding
studies with a large heterogeneous galactorhamnogalacturonate
glycan (Miller, Nesmelova, et al. 2009).

Galectin-mediated glycan decongestion may be biologically
relevant. For example, the cell surface packing density for
glycan-containing mucins in a plasma membrane is about



50 molecules/pum?, which (assuming a cube of about 10~ m on
each side) corresponds to a peptidoglycan concentration of about
1073 M on the cell surface (Rabuka et al. 2007, 2008). Consid-
ering that glycoproteins are not generally homogeneously dis-
persed on the cell surface and are often found in microdomains,
the concentration for some glycoproteins (and their associated
glycans) can be quite high, and therefore glycan microviscos-
ity at the cell surface can be at or approaching what we are
investigating here with these galactomannans. In terms of bi-
ological function, gal-1 is integrally involved in cell adhesion
and migration, and cell adhesion generally occurs by changing
the organization of cell surface glycoproteins and by antagoniz-
ing the effect of protein adhesion systems (Brewer et al. 2002;
Taylor and Drickamer 2007). Gal-1 interactions with cell sur-
face glycans are certainly known to alter membrane proper-
ties, as it does here with Davanat. Gupta et al. (2006) demon-
strated using erythrocytes and EPR spectroscopy that gal-1
significantly increases membrane fluidity, which is inversely
correlated with viscosity. In addition, confocal microscopy has
demonstrated that upon exposure to gal-1, CD45 and CDA43
are observed to cluster on the cell surface of MOLT-4 cells
(leukocytes) within 20 min upon exposure to gal-1 (Pace
et al. 1999). A similar observation has been made with gal-
3, which has been shown to associate and form clusters when
it interacts with cell surface glycans, thereby explaining its
ability to mediate reorganization of cell surface glycoproteins
(Nieminen et al. 2007). Taken together, these data suggest
that gal-1 interacts with cell surface glycans and allows re-
organization to occur, perhaps by promoting dissociation of
glycoproteins via binding of gal-1 to their glycans and promot-
ing greater membrane fluidity by decreasing glycan-mediated
microviscosity. This would be analogous to decongesting a traf-
fic jam and allowing more free diffusion within the plane of the
cell membrane to occur.

Conclusions

Here, we contradict galectin dogma by demonstrating that gal-
1 binds to the a-galactomannan Davanat at a novel carbohy-
drate binding domain on the side of gal-1 opposite to where
B-galactosides bind. Our observation that the B-galactoside
lactose can still bind to the gal-1/Davanat complex suggests
that gal-1-mediated glycan cross-linking may be facilitated in
situ. Furthermore, we showed that gal-1 binding to the glycan
Davanat attenuates inter-glycan interactions, a finding that may
have biological consequences and deserves further investiga-
tion. Overall, these studies expand our view of how galectins in
general may interact with more complex glycans on the extra-
cellular matrix or cell surface.

Material and methods

Galectin-1 preparation

Uniformly '’N-labeled human galectin-1 was expressed in
BL21(DE3) competent cells (Novagen), grown in minimal me-
dia, purified over a B lactose affinity column, and further frac-
tionated on a gel filtration column, as described previously by
Nesmelova, Pang, et al. (2008). Typically, 44 mg of purified
protein were obtained from 1 L of cell culture. The purity of the
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final sample was quantified by using the Biorad protein assay
and was checked for purity by using SDS-PAGE. Functional
activity of the purified protein was assessed by using a T-cell
death assay.

Glycan preparation

The size reduction, isolation, and purification procedures for
Davanat from commercially available Cyamopsis tetragonoloba
guar gum flour were performed essentially as previously re-
ported (Platt et al. 2006). Briefly, the procedure has five prin-
cipal steps: (1) aqueous extraction of galactomannans, (2) con-
trolled partial depolymerization, (3) recovery as an insoluble
copper complex, (4) recovery from the copper complex, and
(5) repeated ethanol precipitations. The final yield of Davanat
was typically 50% by weight of guar gum flour. The purifi-
cation procedure results in a pure Davanat as a white powder
with a solubility in water of more than 60 mg/mL and a man-
nose:galactose ratio of 1.7. "H-NMR and '3C-NMR spectra of
Davanat are described in Platt et al. (2006).

Lactose and mannan (weight-averaged molecular weight of
50 kDa, derived from Saccharomyces cerevisiae) were pur-
chased from Sigma Chemical and were used without further
purification.

Heteronuclear NMR spectroscopy

Uniformly '*N-labeled galectin-1 was dissolved at a concentra-
tion of 2 mg/mL in 50 mM sodium phosphate buffer at pH 7.0,
made up using a 95% H,0/5% D,0O mixture. Using uniformly
SN-enriched gal-1, we performed HSQC NMR experiments to
investigate binding of gal-1 to Davanat. 'H and >N resonance
assignments for recombinant human galectin-1 were already
reported (Nesmelova, Pang, et al. 2008).

All NMR experiments were carried out at 30°C on a Varian
Unity Inova 600 MHz spectrometer equipped with an H/C/N
triple-resonance probe and x/y/z triple-axis PFG unit. A gradient
sensitivity-enhanced version of two-dimensional 'H-'>N HSQC
was applied with 256 (t1) x 2048 (r2) complex data points in
nitrogen and proton dimensions, respectively. Raw data were
converted and processed by using NMRPipe (Delaglio et al.
1995) and were analyzed by using NMRview (Johnson and
Blevins 1994).

Pulsed field gradient NMR self-diffusion measurements

For NMR diffusion measurements, Davanat was dissolved in
0.6 mL of potassium phosphate buffered D,O, and the pH
was adjusted by adding microliter quantities of NaOD or DCI.
PFG NMR self-diffusion measurements were made on a Varian
INOVA-600 using a GRASP gradient unit, as previously de-
scribed (Mayo et al. 1996). NMR spectra for measurement of
diffusion coefficients, D, were acquired using a 5 mm triple-
resonance probe equipped with an actively shielded z-gradient
coil. The maximum magnitude of the gradient was calibrated
using the manufacturer’s standard procedure based on the fre-
quency spread of the applied gradient and was found to be
100 G/cm. This was consistent with the value of 98 G/cm ob-
tained from analysis of PFG data on water using its known
diffusion constant (Mills 1973). The linearity of the gradient
was checked by performing diffusion measurements on water
over different ranges of the gradient. The PFG longitudinal
eddy-current delay pulse-sequence (Mayo et al. 1996) was used
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for self-diffusion measurements which were performed in D,O
at a temperature range 30°C.

For unrestricted diffusion of a molecule in an isotropic liquid,
the PFG NMR signal amplitude, A, normalized to the signal
obtained in the absence of gradient pulses, is related to D by

A = exp[—y’€A’D(A - §/3)] (1

where v is the gyromagnetic ratio of the observed nucleus; g and
d are the magnitude and duration of the magnetic field gradi-
ent pulses, respectively, and A is the time between the gradient
pulses (Mills 1973). For these experiments, 8 = 4 ms, g = 1
— 75 G/cm, A = 34.2 ms, and the longitudinal eddy-current
delay T, = 100 ms. Each diffusion constant, D, was determined
from a series of 12 one-dimensional PFG spectra acquired us-
ing different g-values. Diffusion coefficient measurements were
calibrated by performing the PFG NMR self-diffusion measure-
ments on dextran standards and standard proteins (Ilyina et al.
1997; Miller, Klyosov, et al. 2009).
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