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The product of p53-induced gene 1 is a member of the
galectin family, i.e., galectin-7 (Gal-7). To move beyond
structural data by X-ray diffraction, we initiated the study
of the lectin by nuclear magnetic resonance (NMR) and
circular dichroism spectroscopies, and molecular dynam-
ics (MD) simulations. In concert, our results indicate that
lactose binding to human Gal-7 induces long-range effects
(minor conformational shifts and changes in structural dy-
namics) throughout the protein that result in stabilization
of the dimer state, with evidence for positive cooperativity.
Monte Carlo fits of 15N-Gal-7 HSQC titrations with
lactose using a two-site model yield K1 = 0.9 ± 0.6 × 103 M−1

and K2 = 3.4 ± 0.8 × 103 M−1. Ligand binding-induced sta-
bilization of the Gal-7 dimer was supported by several
lines of evidence: MD-based calculations of interaction en-
ergies between ligand-loaded and ligand-free states, gel fil-
tration data and hetero-FRET spectroscopy that indicate a

highly reduced tendency for dimer dissociation in the
presence of lactose, CD-based thermal denaturation
showing that the transition temperature of the lectin is sig-
nificantly increased in the presence of lactose, and satur-
ation transfer difference (STD) NMR using a molecular
probe of the monomer state whose presence is diminished
in the presence of lactose. MD simulations with the half-
loaded ligand-bound state also provided insight into how
allosteric signaling may occur. Overall, our results reveal
long-range effects on Gal-7 structure and dynamics, which
factor into entropic contributions to ligand binding and
allow further comparisons with other members of the
galectin family.
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Introduction

Comparative structural analysis of members of a protein family
is a means of tracing the impact of sequence variations seen in
phylogenesis and assigning functionality to them. The emer-
ging broad range of effector activities of adhesion/
growth-regulatory galectins gives ample incentive to focus on
their systematic study (Cooper 2002; Villalobo et al. 2006;
Gabius et al. 2011). Toward this end, we have initiated here the
structural analysis of human galectin-7 (Gal-7) in solution by
nuclear magnetic resonance (NMR) spectroscopy. Initially,
Gal-7 was identified as human keratinocyte protein down-
regulated in SV40-transformed cells (Madsen et al. 1995) mod-
erately repressed by retinoic acid (Magnaldo et al. 1995). It has
attracted special attention since its gene was referred to as
p53-induced gene 1, which was based on its marked activity
increase upon p53 expression prior to the onset of apoptosis in
human D.L. Dexter-1 (DLD-1) colon carcinoma cells (Polyak
et al. 1997). Fittingly, Gal-7 appears to be involved in the
process of ultraviolet B (UVB, 280-315 nm)-elicited apoptosis
in keratinocytes (Bernerd et al. 1999). Beyond in vitro studies,
the value of lectin has already been proved as a diagnostic
marker in differential tumor diagnosis and as an indicator of
prognostic evaluations with the aim to optimize postsurgical
treatment in head and neck tumors by stratification (Saussez
et al. 2006; Remmelink et al. 2011).

†EE and MCM contributed equally to the studies reported here.
‡Dr. Y. Tkachev’s is a visiting researcher at UNCC and that his mailing
address in Russia is “V.A. Engelhardt Institute of Molecular Biology RAS,
Moscow, Russia”

1To whom correspondence should be addressed: Tel: +1-612-625-9968;
Fax: +1-612-624-5121; e-mail: mayox001@umn.edu

Glycobiology vol. 23 no. 5 pp. 508–523, 2013
doi:10.1093/glycob/cwt005
Advance Access publication on January 31, 2013

© The Author 2013. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com 508

D
ow

nloaded from
 https://academ

ic.oup.com
/glycob/article/23/5/508/1990304 by 81263629 user on 25 O

ctober 2021



Mechanistically, Gal-7 is capable of triggering growth regu-
lation via intracellular protein targets, such as its interaction
with bcl-2 or carbohydrate-dependent binding to cell surface
glycans that are then cross-linked (Kuwabara et al. 2002;
Kopitz et al. 2003; Sturm et al. 2004; Villeneuve et al. 2011).
The latter property was described to be sensitive to the degree
of N-glycan branching and its interaction with the pan-
galectin ligand N-acetyllactosamine encompassing a fairly
large entropic penalty as revealed by calorimetric analysis
(Ahmad et al. 2002; Hirabayashi et al. 2002; Dam et al.
2005). Dissecting contributions to the entropic term cannot be
readily done on the basis of the crystal structure. Of note,
crystal packing precluded access of a carbohydrate ligand to
one subunit in the homodimer, which has a rather large inter-
face of 1484 Å2 (compared with 1093 Å2 in the canonical
galectin-1 (Gal-1 dimer)) (Leonidas et al. 1998). This size of
the interface underlies the homodimer status in solution, as
measured by gel filtration, mass spectrometry and ultracentri-
fugation, also inferred by hemagglutination and reactivity to
glycoclusters (André et al. 2001, 2004; Kopitz et al. 2003;
Morris et al. 2004).
Having recently reported resonance assignments for human

Gal-7 (Nesmelova et al. 2012), it was now possible to assess
the effect of ligand binding on the protein, with an eye on
structural long-range consequences by ligand loading. By
combining NMR experiments using uniformly 15N-labeled
Gal-7, circular dichroism (CD) studies and molecular dynam-
ics (MD) simulations, we herein provide insight into structural
responses of the lectin to ligand association. Moreover, these
data provide the opportunity for comparisons with the respect-
ive behaviors of Gal-1 and -3, as previously reported
(Umemoto et al. 2003; Diehl et al. 2009, 2010; Nesmelova
et al. 2010).

Results
Lactose binding
Heteronuclear Single Quantum Coherence (HSQC) spectra of
15N-enriched Gal-7 (15N-Gal-7) are shown in Figure 1 as a
function of lactose concentration. While some resonances are
relatively highly chemically shifted during the titration, others
are less shifted, if at all. Net chemical shift changes, Δδ, for
all amino acid residues are shown in Figure 2A, and residues
showing the greatest changes are highlighted in color on the a
subunit from the lactose-loaded dimer structure in Figure 2B.
Not unexpectedly, many of the most highly shifted resonances
(red and orange) belong to residues within several Å of the
bound lactose molecule, with the magnitude of Δδ generally
decreasing as the distance from the lactose-binding site
increases. Nonetheless, some significantly perturbed residues
(pink) are located at sites more distant from the ligand-
binding region, in particular on the backside of the
β-sandwich at the dimer interface (Figure 2B, right). In this
regard, carbohydrate ligand binding induces long-range con-
formational and/or dynamical effects in the lectin.
To obtain association equilibrium constants for lactose

binding to Gal-7, we curve fit these HSQC titration data using
one- and two-site binding models and the Monte Carlo pro-
cedure described previously (Nesmelova et al. 2010; Miller

Fig. 1. Expansions from 15N–1H HSQC spectra of Gal-7 are shown, with 23
overlays, one for Gal-7 alone (blue cross-peaks) and the others for Gal-7 in
the presence of lactose from 0.01 to 45 mM (brown). Gal-7 was dissolved in
an aqueous (95% 1H2O/5%

2H2O) solution of 20 mM potassium phosphate
buffer, pH 7, containing 2 mM DTT, at 30°C.

Fig. 2. (A) 1H–15N-weighted chemical shift differences (Δδ) for backbone
NH groups in lactose-free and lactose-loaded Gal-7 monomer subunits are
shown, along with the positions of β-strands and loops/turns in Gal-7. (B)
Structure of the lactose-loaded Gal-7 dimer is shown, with Δδ values from
panel (A) highlighted in red for the most shifted resonances, followed by
orange, pink, and then cyan for those resonances that are minimally or not at
all shifted.

Long-range effects in galectin-7 by ligand binding

509

D
ow

nloaded from
 https://academ

ic.oup.com
/glycob/article/23/5/508/1990304 by 81263629 user on 25 O

ctober 2021



et al. 2011). Using average values for the six most highly
chemically shifted resonances, the Hill plot in Figure 3A
shows that the one-site model fit (K1 =K2, red circles) devi-
ates considerably from the actual data points (open squares),
whereas the two-site model fit (black circles) represents these
data relatively accurately. Figure 3B shows individual titration
curves for the same six resonances, with lines showing fits
using the two-site model. Figure 3C plots K1 and K2 values
derived from two-site model fits for the twenty most highly
chemically shifted resonances, considering 1H and 15N reso-
nances individually. Each point represents one K1/K2 pair and
the straight diagonal line indicates K1 = K2. All points fall on
that side of the diagonal where K1 <K2. The averages of these
values are K1 = 0.9 ± 0.6 × 103 M−1 and K2 = 3.4 ± 0.8 × 103

M−1. These data indicate that lactose binding to Gal-7 occurs
with positive cooperativity (Hill coefficient n = 1.32) such that
ligand binding at the first site should induce conformational
and/or dynamic changes through the protein at the other site
to promote greater ligand binding affinity.
On the crystallographic level, structures of ligand-free

(protein data bank (PDB) 1BKZ) and fully galactose-loaded
(PDB 2GAL) Gal-7 superimpose with an a Root-Mean-
Square Deviation (RMSD) over all Cα atoms of 0.66 Å, and
structures of ligand-free and Gal-7 with one bound lactose
molecule (PDB 4GAL) superimpose with an RMSD over all
Cα atoms of 0.26 Å. In addition, RMSD over backbone atoms
(all but the first four N-terminal residues) of the two subunits
in the half-loaded lactose-bound state is 0.54 Å, with a total
RMSD for heavy atoms of 0.98 Å. These X-ray data indicate
that there are no major conformational differences in the
crystal structures between ligand-bound and ligand-free Gal-7,
or for that matter between/among other galectins studied at
this level (Nesmelova et al. 2008a). This conclusion is echoed
by our NMR data (e.g., Figure 1), where the Gal-7 HSQC
spectral fingerprint (i.e., resonance dispersion) is very similar
between lactose-bound and free states, indicating that lactose
binding does not induce major conformational changes in the

lectin. In addition, far-UV CD spectroscopy does not reveal
any apparent differences in secondary structural features of
Gal-7 in the absence and presence of lactose (Figure 4A).
However, the near-UV CD spectrum (Figure 4B) does reflect
some change at tertiary-structure level. This was characterized
by the presence of a broad negative region with well-defined
bands centered at 280 and 287 nm, in the tyrosine/tryptophan
region, and a positive signal at 294 nm, attributable to the
single Gal-7 tryptophan residue, located at the carbohydrate-
binding site. In the presence of lactose, small but unequivo-
cally consistent changes in ellipticity at 287 (decrease in nega-
tive ellipticity) and 294 nm (increase in positive ellipticity)
were observed, independently of the protein concentration and
temperature used for acquisition of the spectra. These changes
are compatible with a variation in the contribution of positive
1La and negative 1Lb transitions of the Trp residue, reflecting
a modification of its environment upon ligand binding due
most likely to the alignment (stacking) of the indole ring with
a lactose molecule. In addition, there is an increase in nega-
tive ellipticity at 257–267 nm. Considering that the described
changes in Trp transitions should contribute with positive el-
lipticity to this spectral region, the appearance of a trough at
262 nm can be interpreted as a change in the chiroptical prop-
erties of phenylalanine residues, suggesting that the hydropho-
bic core of the β-sandwich fold, in which 7 of the 8
phenylalanine residues in Gal-7 are accommodated, is sensi-
tive to binding of the ligand. Nevertheless, these minimal
near-UV CD spectral changes point to the absence of major
ligand-induced conformational changes in the protein, consist-
ent with our NMR results.
In addition to subtle conformational shifts, ligand binding-

induced effects in Gal-7 may be explained by changes in in-
ternal motions or conformational fluctuations. MD simulations
are well suited to provide insight into these changes, and have
the added advantage of being able to investigate the half-
loaded ligand-bound state. For these reasons, we performed
MD simulations on the Gal-7 dimer and analyzed root mean-

Fig. 3. (A) Hill plot showing the average of the six most chemically shifted resonances plotted as log fraction bound/(1-fraction bound) vs. log free ligand
concentration. Actual HSQC data points are shown as green squares, while fits with the one-site and two-site model are shown as filled red circles and filled
black circles, respectively, as discussed in the text. (B) Lactose titration showing 15N–1H-weighted chemical shifts for resonances of some residues vs. the
concentration of lactose. Optimal curve fitting using a two-site model (solid lines) gives values for the equilibrium binding constants of K1 = 0.9 ± 0.6 × 103 M−1

and K2 = 3.4 ± 0.8 × 103 M−1. (C) Plot of actual K1 and K2 values resulting from Monte Carlo fits to 20 titration curves showing the greatest chemical shift
differences (1H and 15N chemical shifts treated separately), indicating that ligand binding may occur with positive cooperativity as discussed in the text.
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square fluctuations (RMSF) of backbone and side-chain atoms
for three states of the protein: the ligand-free state (PDB
1BKZ), the half-loaded lactose-bound state (PDB 4GAL) and
the galactose-loaded state (PDB 2GAL) “in lieu” of the fully
lactose-loaded state which has not been determined. RMSF
values reflect changes in motional amplitudes such that a
smaller value indicates reduced internal motions and vice
versa.

These results are consistent with near-UV CD data in that
average positions of most Phe side chains appear to be min-
imally affected by ligand binding (Figure 4C). Two exceptions
are F50 and F61, whose phenyl rings are re-oriented upon
ligand binding. Moreover, ligand-induced changes in RMSF
values for Phe side chains (Table I) indicate that internal
motions are generally significantly reduced in ligand-loaded
(galactose and lactose) states vis-à-vis ligand-free Gal-7. The

Fig. 4. Representative CD spectra obtained for Gal-7. Far- (A) and near-UV CD spectra (B) were obtained at 30°C for 0.2 mg/mL (13 μM monomer) and 1 mg/
mL (67 μM monomer) solutions, respectively, of Gal-7 in 20 mM potassium phosphate buffer, pH 7.0, containing 2 mM DTT, in the absence (solid lines) and
presence of 10 mM lactose (dotted lines). (C) MD simulation-derived average structures of ligand-free (PDB 1BKZ) and galactose-loaded (PDB 2GAL). Gal-7
subunits are shown with Phe side chains from ligand-free and galactose-bound Gal-7 highlighted in blue and green, respectively. The backbone ribbon shown is
an average of both free and bound structures.
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average of side-chain RMSF values is 0.96 for ligand-free
Gal-7 and 0.79 for fully galactose-loaded Gal-7. We also find
that Phe side-chain motions in both subunits of the half-
loaded state are similarly reduced (on average, 0.66 and 0.68,
respectively) vis-à-vis ligand-free Gal-7. Changes in Phe side-
chain motion could account for the increased negative ellipti-
city observed in the Phe region of near-UV CD spectra and,
most importantly, suggest that binding of the first ligand
induces an allosteric transition in the ligand-free subunit,
making the protein “terroir” more like that in the subunit with
ligand and preparing the second binding site for hosting the
ligand more readily, a view that is consistent with our obser-
vation of positive cooperativity in ligand binding.

Additional ligand binding-induced changes
in internal motions
Figure 5A–D shows RMSF values for Cα atoms of the ligand-
free subunit from the half-loaded state (A), the average of the
two subunits from fully ligand-free state (B) and the differ-
ence between the two (C = A −B). Since dynamics for back-
bone NH atoms follow essentially the same trends, these data
are not shown. Both structures display similar RMSF distribu-
tions through the sequence, with N-terminal residues and
inter-strand loops (especially loops connecting strands β3-β4,
β5-β6 and β8-β9) showing the largest conformational fluctua-
tions and C-terminal motions being restricted by interactions
with residues from the second subunit. Of greater interest here
is the difference between these two distributions (Figure 5C),
which is highlighted on the Gal-7 subunit in Figure 5D. The
blue and red colors indicate a decrease or an increase in
RMSF values, respectively, while the aqua color indicates
minimal change, if any. Of note, motions of residues within
and around the lactose-binding site generally become more
mobile (red) in the ligand-free subunit, when lactose is bound
to the other subunit (half-loaded state). In contrast, those on
the opposite face of the β-sandwich (that includes residues at
the dimer interface) generally become more motionally
restricted (blue), similar to Phe residues within the hydropho-
bic core, as discussed above. The increase in mobility of resi-
dues at the ligand-free site itself may facilitate docking or
induced fit of the second ligand, with the expected entropic

penalty to binding being compensated for by decreased intern-
al motions elsewhere in the protein.
Figure 5E–H shows RMSF values for Cα atoms of the

ligand-loaded subunit in the half-loaded state (E), the average
of the two subunits in the fully galactose-loaded state (F) and
the difference between the two (G = E − F). The difference
plot (Figure 5G) indicates that internal motions in the
ligand-loaded subunit of half-loaded lectin are overall more
restricted than are those in the fully loaded dimer. Segments
showing the greatest differences are highlighted in blue and
red on the lactose-loaded subunit of the dimer (Figure 5H). In
this comparison, motional differences between the two faces
of the β-sandwich are not as distinct as in the ligand-free
subunit (Figure 5D). In particular, changes in internal motions
of residues at the lactose-binding site are mixed, with residues
on one side of the binding site showing decreased mobility
and others in surrounding segments showing less restricted
mobility. Residues at the dimer interface generally become
more motionally restricted upon lactose binding. Overall,
however, side-chain motions are on average increased upon
ligand binding (data not shown). The mean RMSF value for
side chains of ligand-free lectin is 1.22, whereas it is 1.37 for
galactose-loaded Gal-7. The extent of these changes in terms
of conformational entropy will factor into the thermodynamics
of ligand binding and may also affect the architecture of the
dimer interface to influence dimer stability.

Ligand binding enhances dimer stability
Using the molecular mechanics/Poisson–Boltzmann surface
area (MM/PBSA) method (Kollman et al. 2000) and MD
simulations, we determined van der Waals (EVdW), electrostat-
ic (EPB) and nonpolar solvation (ESASA) contributions to inter-
subunit interaction energies (Nesmelova et al. 2008b). Lactose
binding to Gal-7 induces significant changes to inter-residue
interaction energies, not surprisingly, between residues at the
ligand-binding site (Table II), but also with equal and even
greater magnitude between other residues within and between
subunits. Inter-subunit residues that contribute most favorably
to the energetics of dimerization are R14, R20, R22, E87,
L89, D94, D95, D103, A104, Q105, D130 and F135, as high-
lighted in the dimer structure shown in Figure 6. Although

Table I. RMSF of backbone Cα atoms and RMSF for side chains of Phe residues of Gal-7 in loaded, ligand-free and half-loaded states

Residual no. Backbone Side chains

Gal-7 free Loaded with
2 galactose
molecules

Gal-7 loaded with 1 lactose molecule Ligand-free Gal-7 Loaded with
2 galactose
molecules

Gal-7 loaded with 1 lactose molecule

Ligand-free subunit Loaded subunit Ligand-free subunit Loaded subunit

32 0.76 0.58 0.51 0.53 0.92 ± 0.15 0.74 ± 0.15 0.66 ± 0.14 0.77 ± 0.22
50 0.51 0.45 0.44 0.41 0.76 ± 0.22 0.91 ± 0.4 0.71 ± 0.27 0.58 ± 0.14
61 0.66 0.56 0.5 0.44 0.81 ± 0.1 0.72 ± 0.12 0.64 ± 0.11 0.56 ± 0.1
80 1.03 0.9 0.62 0.77 1.0 ± 0.14 0.91 ± 0.13 0.68 ± 0.08 0.83 ± 0.08
86 1.2 0.74 0.55 0.53 1.2 ± 0.09 0.81 ± 0.09 0.64 ± 0.08 0.76 ± 0.22
97 0.73 0.55 0.49 0.42 0.86 ± 0.12 0.7 ± 0.12 0.73 ± 0.21 0.57 ± 0.12
109 0.82 0.65 0.54 0.44 1.04 ± 0.1 0.75 ± 0.1 0.75 ± 0.17 0.54 ± 0.08
135 0.89 0.58 0.51 0.5 1.11 ± 0.27 0.79 ± 0.18 0.65 ± 0.12 0.66 ± 0.13

Standard deviations are shown as ± values from average values.
For ligand-free Gal-7 and Gal-7 loaded with two galactose molecules, averages of both subunits are shown.
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EVdW, EPB and ESASA all contribute favorably to the
monomer–monomer interaction (Table III), the largest stabiliz-
ing effect derived from ligand binding appears to come from
electrostatic contributions, likely via formation of salt bridges,
e.g., R20-E87. For ligand-loaded and ligand-free dimers,
average interaction energies are −107 kcal/mol with two
ligands (galactose) bound, −98 kcal/mol for one ligand
(lactose) bound and −88.2 kcal/mol for the completely ligand-
free state, with differences in energies, ΔΔE, from the ligand-
free state being −10 kcal/mol and −19 kcal/mol, respectively.
The favorable energy change upon binding the first ligand is
followed by an additionally equally favorable energy change
upon binding the second ligand.
This theoretical increase in ligand binding-induced dimer

stability was validated experimentally in several assays: Gel fil-
tration fast protein liquid chromatography (FPLC), CD-based

Fig. 5. RMSF values for Cα atoms are shown for ligand-free subunit a, when one lactose moiety is associated with subunit b (A); for the average of completely
ligand-free Gal-7 (B) and for the difference A minus B (C). The position of β-strands and loops in Gal-7 is shown below. (D) The changes of RMSF values are
highlighted for subunit a of the half-loaded Gal-7 state. The blue and red colors indicate decreasing and increasing RMSF values, respectively, as a result of
ligand binding. Unaffected residues are shown in cyan. RMSF values for Cα atoms are shown for the ligand-loaded subunit b in the half-loaded state (E); for the
average of fully loaded (galactose) Gal-7 (F) and for the difference E minus F (G). The position of β-strands and loops in Gal-7 is shown below. (H) The
changes of RMSF values are highlighted for subunit b of the half-loaded Gal-7 state. The blue and red colors indicate decreasing and increasing RMSF values,
respectively.

Table II. Energetic contributions (kcal/mol) to lactose loading for individual
amino acids at the binding site

Residue EPB EVdW Total

R31 0.13 −0.28 −0.15
H33 0 −0.19 −0.19
H49 −0.9 −2.14 −3.04
N51 0.1 −1.31 −1.21
R53 −2.1 −0.34 −2.44
E58 0.14 −0.28 −0.14
V60 0 −1.5 −1.5
N62 0 −1.62 −1.62
K64 0.22 −0.27 −0.05
W69 −0.34 −5.85 −6.19
R71 −0.12 −0.12 −0.24
E72 0.12 −0.6 −0.48
E73 −0.14 −0.1 −0.24
R74 −0.12 −0.47 −0.59
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thermal denaturation studies, Fluorescence Resonance Energy
Transfer (FRET) using Edans- and Dabcyl-labeled Gal-7 and
STD NMR with a molecular probe to Gal-7 monomers.
Previous analyses of quaternary structure using nanoESI MS,
ultracentrifugation and gel filtration showed that Gal-7 is pre-
dominantly dimeric at concentrations around 0.15 mg/mL
(10 μM in monomer Gal-7) and above (Kopitz et al. 2003;
André et al. 2004; Morris et al. 2004). Here, we extended these
studies and examined the behavior in gel filtration chromatog-
raphy of increasingly diluted solutions of Gal-7 (from 2.4 to
0.04 mg/mL or 160 to 2.6 μM monomer Gal-7) resulting in
eluted concentrations of 0.3–0.005 mg/mL (20–0.3 μM
monomer Gal-7), by monitoring the protein elution at 215 nm.
Our results show that in the absence of lactose, the elution time
from the FPLC column is progressively increased as the con-
centration of eluted lectin is decreased (Figure 7A, open
squares). Elution times for protein markers carbonic anhydrase
(29 kDa) and cytochrome c (12.4 kDa) were 25.7 ± 0.5 and
29.4 ± 0.5 min, respectively. Relative to these elution markers,
we find that Gal-7 elutes mostly as a dimer at the highest con-
centrations, in agreement with previous findings, and mostly as
a monomer at the lowest concentrations under these conditions,
consistent with dimer dissociation over the protein concentra-
tion range investigated. The mid-point for the dimer dissoci-
ation curve is about 0.025 mg/mL (1.6 μM), yielding an
apparent equilibrium dissociation constant, Kd, of �1.7 × 10−6

M. Lactose binding shifts this Gal-7 dimer Kd value in favor of
the dimer state. In the presence of 10 mM lactose (Figure 7A,
solid squares), dimers in FPLC show no apparent dissociation

Fig. 6. The Gal-7 dimer with one lactose bound is shown, and residues
involved in the dimer interface are indicated and colored according to the
type of residue. Arginines are in red, glutamates are in green and aspartates
are in blue.

Table III. Interaction energies (kcal/mol) among residues at the Gal-7 dimer
interface

Dimer PB VDW SASA Total

Ligand-free Gal-7 −34.3 ± 5.1 −45.7 ± 7.0 −8.2 ± 0.5 −88.2
Half-loaded lactose-bound
Gal-7

−43.6 ± 5.0 −46.1 ± 6.0 −8.3 ± 0.3 −98.0

Fully loaded
galactose-bound Gal-7

−50.4 ± 5.4 −47.5 ± 8.5 −9.1 ± 0.5 −107

Fig. 7. (A) Variation with protein concentration of the elution time of Gal-7 in
gel filtration FPLC. 100 µL samples of Gal-7 at 0.04–2.4 mg/mL (2.6–160 μM
monomer) were chromatographed in a Superose 12 column equilibrated at
30°C with 20 mM potassium phosphate buffer, pH 7.0, containing 2 mM DTT
and 0.02% NaN3, in the absence (open squares) or presence of 10 mM lactose
(filled squares). The concentration of the eluted protein was calculated using
the dilution factor estimated for each peak from the ratio of width at half-height
of the peak to the injection volume. (B) Effect of lactose on the stability of
Gal-7 against thermal denaturation. The ellipticity at 220 nm of Gal-7 was
monitored as a function of temperature, in the absence (open squares) and
presence of 10 mM (open triangle), 50 mM (open circles) and 0.1 M (inverted
triangle) lactose. The continuous lines correspond to the fit of a sigmoidal
function to experimental data. Inset: Variation of the T1/2 with increasing
lactose concentrations. (C) Hetero-FRET data showing the dependence of the
apparent lifetime of donor fluorescence (fixed concentration of Edans-labeled
Gal-7) as a function of the concentration of acceptor DABCYL-labeled Gal-7.
The curve with red data points shows a molar ratio of lactose:Gal-7 of 1.1:1,
and the blue data points are for lactose at 10 mM.
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over the concentration range investigated, indicating that the Kd

value in the lactose-loaded state should be much less than the
lowest concentration used, i.e., <<0.4 × 10−6 M (at least
30-fold smaller considering the mass action law). In compari-
son, no shift in the elution position of Gal-1 was observed
within the same range of concentrations, either in the absence
and presence of lactose (data not shown), indicating that the Kd

for Gal-1 (ligand-loaded or ligand-free) is much lower than
that for Gal-7.
Ligand binding-induced stabilization of Gal-7 structure (ter-

tiary and quarternary) was supported by CD-based thermal de-
naturation studies (Figure 7B). Thermal denaturation of Gal-7
resulted in irreversible loss of secondary structure with subse-
quent precipitation of the protein. The process was monitored
by measuring the decrease in negative ellipticity at 220 nm
with temperature. A phenomenological analysis of the experi-
mental curves using a Gaussian/sigmoidal function yielded a
value for T1/2 of 69.3 ± 0.1°C. This T1/2 is very close to that
previously determined for Gal-1 (71.1 ± 0.2°C), although the
denaturation process for this protein was not followed by pre-
cipitation and the observed temperature-induced changes were
partially reversible (Solís et al. 2010). The presence of 10 mM
lactose, a concentration producing a substantial stabilization of
the Gal-7 dimer as evidenced by FPLC, also induced an in-
crease of 2.4 ± 0.03°C in the T1/2 value. The thermal stability
of Gal-7 was further progressively enhanced in the presence of
increasing concentrations of the sugar (Figure 7B), reaching a
T1/2 of 77.2 ± 0.1°C at 0.1 M lactose. This behavior, which is
similar to that exhibited by Gal-1 (T1/2 increasing for this
protein by 7.4°C in the presence of 0.1 M lactose (Solís et al.
2010)), is consistent with the ligand being bound by the two
galectins in the folded form. Thus, the different dimerization
modes of Gal-7 and -1 are not reflected in major differences in
thermal stability or in the effect of ligand binding on the stabil-
ization of the proteins against thermal denaturation, i.e., both
galectin dimers are thermodynamically stabilized by ligand
binding.
Next, we thio-labeled Gal-7 at its sole cysteine (C38) with

two fluorophores (Edans and DABCYL) and used hetero-
FRET to assess the Gal-7 monomer–dimer equilibrium.
Figure 7C shows the dependence of the apparent lifetime of
donor fluorescence (fixed concentration of Edans-labeled
Gal-7) as a function of the concentration of acceptor
Dabcyl-labeled Gal-7. We performed the hetero-FRET experi-
ment in the presence of 10 mM lactose and in the presence of
a low concentration of lactose (1.1:1 molar ratio) to maintain
galectin fold stability. Figure 7C shows that the mid-points in
these curves suggest that the dimer equilibrium dissociation
constants are �8 and 30 μM, respectively, which are consider-
ably higher than those estimated from FPLC. This is likely
the result of limited labeling (�17%) and label-induced
changes in the conformation and fold stability in fluorophore-
labeled Gal-7. Nevertheless, when Gal-7 is saturated with
lactose ligand, the dimer state is stabilized, consistent with
our other data.
Lastly, we used STD NMR, a technique that is based on

the transfer of magnetization from an irradiated protein to a
weakly bound small molecule, i.e., with equilibrium dissoci-
ation constants in the micromolar to millimolar range (Meyer

and Peters 2003; Roldós et al. 2011). For these STD NMR
experiments, we used the small molecule probe 5-chloro-
benzo[b]thio-phene-3-carboxylic acid (CBTC) that binds to
the Gal-7 monomer at the dimer interface as a “spy” molecule
to monitor its allosteric displacement by lactose binding.
Binding of CBTC to Gal-7 is reflected in the increase of posi-
tive resonance intensity in the STD spectrum (Figure 8B). To
demonstrate that CBTC binds at the Gal-7 dimer interface, we
first acquired HSQC spectra of the monomeric 15N-Gal-3
carbohydrate-recognition domain, in the presence and absence
of 500 μM CBTC. Supplementary data, Figure S1A and B,
show that CBTC induces chemical shift changes of selective
cross-peaks that correspond to residues located within a

Fig. 8. 1H NMR spectra of samples containing 500 µM CBTC in the
presence of 1.5 µM Gal-7. (A) Reference spectrum (scaled 25%), with labels
indicating the assignment of proton resonances. (B) STD spectrum. (C) STD
spectrum in the presence of 8 mM lactose. (D) Plots showing STD responses
for 500 µM CBTC vs. the concentration of Gal-7, before (filled circles) and
after (open circles) addition of lactose to reach the concentration of 8 mM.
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hydrophobic patch around K103 in a region that is structurally
homologous to the Gal-7 dimer interface. Fittingly, at Gal-7
concentrations >100 μM where dimer is dominant, HSQC
spectra of 15N-Gal-7 acquired in the presence and absence of
500 μM CBTC show no differences (data not shown), indicat-
ing that CBTC does not interact with Gal-7 dimers. We con-
clude, therefore, that CBTC binding is proportional to the
amount of galectin monomer in solution. This concept is illu-
strated in Supplementary data Figure S2, which shows stron-
ger binding of CBTC to the monomer state and weaker
binding of CBTC to the dimer state.
STD NMR data with CBTC (500 μM) in the presence of

Gal-7 at a concentration of 1.5 μM, where monomers and
dimers should be present in comparable amounts, are exem-
plified in Figure 8. This figure shows the chemical structure
and reference NMR spectrum of CBTC (A, scaled 25%) with
labels indicating resonance assignments, and STD NMR
spectra of CBTC in the absence (B) and presence (C) of
lactose. Figure 8D plots the percent STD effect with CBTC
vs. the concentration of Gal-7 (500 nM–5 µM) in the absence
(filled circles) and presence (open circles) of lactose. Because
the actual amount of monomer in fact increases as the total
concentration of Gal-7 increases, the STD effect also
increases with the Gal-7 concentration. It is interesting to note
that the mid-point of change on the lactose-free curve falls
between 1 and 2 μM Gal-7, consistent with our
FPLC-estimated value for the Gal-7 dimer Kd of 1.7 × 10−6

M. Moreover, because STD signals are significantly reduced
in the presence of lactose at any concentration of Gal-7, we
again conclude that binding of lactose stabilizes the dimer
state, further supporting our previous results.

Further insight into ligand binding-induced long-range
effects in Gal-7
Because our HSQC data indicate cooperativity in carbohy-
drate ligand binding to Gal-7, there must be communication
between ligand binding sites that should be transmitted from
one residue to another and therefore should be related to mo-
tional coupling between/among residues. For insight into this

idea, we turned again to MD simulations to assess motional
coupling between residues by using covariance analysis of co-
ordinate displacements averaged over simulation trajectories.
Covariance maps (Figure 9) are expressed as mean-squared
correlations from −1.0 to 1.0 and essentially describe linear
correlations between pairs of Cα atoms as they fluctuate
around their average positions during simulations. Covariance
maps for the average of subunits of completely ligand-free
Gal-7, the ligand-free subunit a in the half-loaded state and
ligand-loaded subunit b in the half-loaded state are shown in
Figure 9A–C, respectively. Although correlations can be posi-
tive or negative (corresponding to relative motions in the
same or opposite directions, respectively) as denoted by
colored contours in Figure 9, we focus discussion on the ab-
solute value of the correlation. In the following analyses, the
letters a and b refer to the two subunits of the half-loaded
state of the dimer (PDB 4GAL), using the nomenclature
adopted in Figure 9, that is, a for the ligand-free subunit and
b for the lactose-bound subunit.
As expected, the most significant correlated motions in all

the three instances are observed between residues from prox-
imal β-strands within each β-sheet and between residues from
sheets across the β-sandwich core (contours running orthogon-
al to the diagonal). Other significant motional correlations,
however, are also apparent. The most interesting of these are
within the lactose-binding site and at the dimer interface, as
boxed-in in each covariance map. Aside from the expected
correlations of residues between strands, we note that there
are also strong correlations between β3-β4 and β5-β6 loops
and residues within the carbohydrate-binding site, as well as
between these loops and residues at the dimer interface.
Ligand binding apparently promotes reorientation of residues
and alteration of correlation patterns in both subunits (ligand-
free and ligand-occupied) (Figure 9). These findings are sup-
ported by residue–residue (pairwise) interaction energies as
presented in Supplemental data (Supplementary data, Figures
S3 and S4), where we show that inter-residue van der Waals
interactions (e.g., 15–20 and 88–98, and 90–95 and 104–113)
are not as significant as electrostatic interactions, in particular
between/among dimer interface residues (R14a-D94b,

Fig. 9. DCCM are shown as covariance maps for mean-squared motional correlations from −1.0 to 1.0. The plot essentially describes motional correlations
between pairs of Cα atoms as they fluctuate around their average position during the MD simulation. Correlations can be positive (colored from yellow to red) or
negative (colored from light blue to black) as relative motions move in the same or opposite directions, respectively. Covariance maps for the average of subunits
of fully ligand-free Gal-7 (A), ligand-free subunit a in the half-loaded state (B) and ligand-loaded subunit b in the half-loaded state (C) are shown.
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R20a-E87b, R20a-R22b, R22a-D103b, E87a-R22b, D94a-R14b,
D95a-R14b, K98a-F135b and D103a-R133b). We believe that
highly concerted motions within these regions may contribute to
the energy transduction mechanism.
We also calculated residue–residue interaction energies

using the method of Kong and Karplus (2007, 2009). This ap-
proach is based on calculating energy correlations between all
interacting residue pairs in the MD ensemble of protein con-
formers where relative subunit motions do not influence intra-
molecular pairwise interaction energies and are independent
of the origin of the correlation. We focused our analysis on
side-chain electrostatic interactions (Supplementary data,
Figures S3 and S4) because they are long-range in nature, an-
isotropic, directionally more specific and can reflect small
changes in the relative arrangements of residues vis-à-vis van
der Waals and solvation energies. Figure 10A illustrates a pro-
jection of the interaction energy correlation matrix in residue
space (residue correlation matrix), as suggested by Kong and
Karplus (2007, 2009), for subunit b (ligand-bound subunit)
for the half-loaded state of Gal-7 (for details, see Materials

and methods). The residue correlation matrix shows the coup-
ling between any two residues in the system. Although the
average correlation coefficient per residue is decreased slightly
upon ligand binding, individual coefficients increase in
several regions, particularly for residues noted above in the
proposed gradient. Long-range coupling must result from the
extensive network of hydrogen bonds in β-sheets, long-range
electrostatic effects and the overall β-sandwich structure of the
protein.
We choose two residues to illustrate these long-range corre-

lations, R53 (subunit b, Figure 10B) and E87 (subunit a,
Figure 10C). R53 is at the ligand-binding site and interacts
directly with lactose via a hydrogen bond. E87 is at the dimer
interface and interacts with R20 via a salt bridge and with
other surrounding interfacial residues (see Figure 6). The R53
projection (Figure 10B) indicates significant motional coup-
ling with, e.g., residues G12-I13-R14, R22, E41, D55, E58,
V60, R74, D95, K98, D103, as well as with much of the L9
loop (residues 110–119) and D130, R133. Binding of lactose
to subunit b impacts on correlated motions not only within

Fig. 10. Projections of the interaction energy correlation matrix on residue space are shown for ligand-loaded subunit b of the half-loaded state of Gal-7 (A), for
residue R53 of subunit b of the half-loaded state (B) and for residue E87 of ligand-free subunit a within the same subunit (C) and with the opposing subunit b
(D). Even with the various restrictions outlined in Materials and Methods, several thousand pairwise correlations, with correlation coefficients >0.5, were found
for both ligand-free and ligand-loaded lectin.
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the ligand-binding site but also through the domain to the
back side of the β-sandwich and residues involved in inter-
subunit interactions.
For E87 (unbound subunit a), the projection is shown in

two parts. Figure 10C shows correlated motions within the
same subunit a, while Figure 10D shows correlated motions
with residues of lactose-bound subunit b. From Figure 10C, it
is apparent that there are numerous correlated motions
between E87 and other residues within the same subunit. Of
particular note are correlations with residues at the dimer
interface (12–14, 93–98, 103, 110–119 and 133). Correlated
motions with residues from opposing subunit b are more
limited; nonetheless, they are significant (Figure 10D) and
include interfacial residues G12, R14, R20, R22 and residues
92–100 (loop L7-β8) and 130–135 (β11), as well as residues
E40, E41, S44 and E72 from the lactose-binding site and add-
itional residues F86 and 117–122 (β10). Changes in dynamics
at the dimer interface likely contribute to ligand binding-
induced increase in dimer stability. Correlated motions of
dimer interface residues that are significantly influenced by
ligand binding are nicely exemplified by salt-bridged residues
R20a and E87b (or R20b and E87a—see Figure 6), which
upon lactose binding reorient significantly to a more thermo-
dynamically favorable state (see Supplemental Results,
Supplementary data, Figure S5). In general, binding of lactose
to Gal-7 does not greatly alter the network of correlated
motions between/among residues, but rather modulates or
attenuates these correlations via effects on side-chain (and
backbone) flexibility, which is increased overall upon ligand
binding.

Discussion

Evolutionary divergence has led to the establishment of three
types of structural organization of galectins and further phylo-
genetic diversification in two subgroups. The use of ligand
derivatives (chemical mapping), profiling of binding specifici-
ties by glycans/cell reactivity and molecular modeling based
on X-ray structures has already delineated differences for
proto-type galectins (Solís et al. 1996; Leonidas et al. 1998;
Hirabayashi et al. 2002; López-Lucendo et al. 2004; Wu et al.
2007; Habermann et al. 2011). The recent introduction of iso-
topically labeled galectins to structural analysis in solution
has made it possible to study dynamic aspects of the protein
(Diehl et al. 2009, 2010; Nesmelova et al. 2010). This ques-
tion, together with the search for long-range effects upon
ligand binding, has been addressed herein.
In the present study, we report that the binding of lactose to

Gal-7 indeed has a long-range impact on protein thermody-
namics and conformational dynamics up to the dimer inter-
face and, further away, between binding sites. Using a
two-site model for curve fitting, we provide evidence for
lactose binding with positive cooperativity, such that binding
of the first ligand (K1 = 0.9 ± 0.6 × 103 M−1) enhances binding
of the second (K2 = 3.4 ± 0.8 × 103 M−1). In structural terms,
analysis of MD simulations on the half-loaded state indicates
that significant changes occur in the ligand-free subunit a
when lactose is bound to subunit b. Moreover, internal
motions in Gal-7 are on average increased overall upon ligand

binding, reflecting increased conformational entropy. In global
terms, similar observations have been made for Gal-1
(Nesmelova et al. 2010) and Gal-3 (Diehl et al. 2009, 2010),
where lactose binding to both galectins was reported to result
in generally increased backbone internal motions.
Thermodynamically, the TΔS term appears higher for Gal-7
when binding N-acetyllactosamine, compared with Gal-1 and
-3 (Ahmad et al. 2002; Dam et al. 2005). Of particular note,
initial data on Gal-3 and also Gal-1 indicate that this effect
appears to depend on the nature of the ligand (Diehl et al.
2010; Miller et al. 2011). Thus, variation of the binding signa-
ture or ligand contact pattern at the lectin site appears capable
of modulating conformational dynamics, warranting systemat-
ic assessments.
In detail, we observed that the binding of lactose to Gal-7

alters the lectin conformation and dynamics within the ligand-
binding site, as well as through an apparent internal gradient
from the ligand-binding site to the dimer interface and
beyond. The greatest effects are observed in the 50–58 and
62–70 loops (whose residues interact directly with the ligand),
the 5-stranded β-sheet at the backside of the lactose-binding
site (including the region involved in dimerization of Gal-7)
and loops (especially residues 9–14 and 110–116) down to
the dimer interface. The most affected residues are highlighted
on the structure of Gal-7 in Figure 11 (see also
Supplementary data). The 9–14 loop (part of the Gal-7 dimer

Fig. 11. The binding of lactose to Gal-7 induces alterations in the protein
conformation and dynamics within the ligand binding site, as well as through
an internal gradient from the ligand-binding site to the dimer interface, as
highlighted in orange. Lactose is shown in green.
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interface) connects β-strand 1 on the lactose-binding face with
β-strand 2 on the backside of Gal-1, and the 110–116 loop
runs from the backside of the lactose-binding site, down one
side of the β-sandwich to β-strand 10, again connecting
β-strands on both sides of the β-sandwich.
Some of the most significant changes in Gal-1 are in fact

also noted at residues 110–116, a loop that contains residues
R110 and R112, which in Gal-7 are affected by ligand
loading. While these and other conformational and dynamical
changes with Gal-7 subunits are similar to those observed
with Gal-1 subunits (Nesmelova et al. 2010), ligand binding
to the Gal-1 dimer was found to occur with negative coopera-
tivity, with binding of the first ligand in fact reducing affinity
for the second ligand. This stands in stark contrast to positive
cooperativity with Gal-7 as observed here, and suggests that
the quarternary structures of Gal-1 and -7 dimers themselves,
which are quite different in these two prototype galectins
(Nesmelova et al. 2008a), may actually direct how the ligand
binding-induced signal is channeled into cooperativity in
ligand binding.
Since our modeling work suggested an increase in inter-

residue interaction energies at the dimer interface, we per-
formed several experimental studies (FPLC gel filtration,
hetero-FRET, CD-based thermal denaturation and STD NMR)
with Gal-7 in the absence and presence of lactose. In all
cases, the presence of a saturating amount of lactose resulted
in stabilization of the Gal-7 dimer state. Although the pres-
ence of lactose significantly increased the dimer population,
we could only estimate that the Kd for the lactose-loaded
Gal-7 was <<0.4 × 10−6 M, the maximum possible Kd, conser-
vatively estimated taking into account the law of mass action,
being 0.013 × 10−6 M. This would suggest that ΔΔG is
changed by a minimum of –2.9 kcal/mol. Moreover, even
though our MD-calculated interaction energies cannot be
compared directly with these experimentally determined free
energies due to the absence of contributions from entropy
terms and over-estimation of energies for various reasons, e.
g., scaling factors (Nesmelova et al. 2008b), the trends are the
same, i.e., ΔΔG values are negative, and therefore dimer sta-
bility is enhanced. Of note, this behavior is different for
Gal-1, which showed no difference in the elution profile
under identical conditions. Although difficult to quantify, it is
apparent that Kd values for Gal-1 dimer dissociation in the
presence or absence of lactose must be considerably less than
those for Gal-7, i.e., Gal-1 dimers are more thermodynamical-
ly stable than Gal-7 dimers.
In aggregate, our study with Gal-7 detected significant

ligand binding-induced long-range effects, particularly in
terms of changes to conformational dynamics. In view of the
available evidence from Gal-1 and -3 (Umemoto et al. 2003;
Diehl et al. 2009, 2010; Nesmelova et al. 2010) and phylo-
genetic considerations within this protein family (Houzelstein
et al. 2004; Kaltner and Gabius 2012), the present data
provide further insight into ligand binding-induced differential
flexibility among galectins, a starting point for structure-
activity correlations by mutational engineering. Conversely,
the analysis of galectin-derived peptides confined to ligand-
contacting sequence stretches (Moise et al. 2011) will help to
dissect contributions of effects in immediate vicinity and

more distant regions. In addition, such comparisons will be
possible to lectins in terms of folding, where Ca2+ is involved
in ligand contact/structural stabilization (Gabius 2011), and to
discern the principles on how a common folding in different
lectins (i.e., the β-sandwich) responds to ligand binding.
Having delineated the impact of lactose binding, it will also
be intriguing to study the effects of cognate peptide motifs
from protein counter-receptors.

Materials and methods
Production of labeled proteins
Production of 15N-labeled human Gal-7 (15N-Gal-7) and con-
trols for purity and activity have been described elsewhere
(Nesmelova et al. 2012). Production of 15N-labeled truncated
form of human galectin-3 with collagenase followed the
protocol described previously (Kübler et al. 2008).
For the FRET labeling procedure, freeze-dried Gal-7 was dis-

solved in 0.02 M potassium phosphate buffer, pH = 7.0, with
0.01 M lactose and 2 mM dithiothreitol (DTT). After 1 h incu-
bation, the solution was desalted to remove excess of DTT, and
divided into two moieties for labeling with donor (EDANS-C2-
maleimide) and acceptor (DABCYL-C2-maleimide). To in-
crease solubility of DABCYL-C2-maleimide, 5% vol/vol of
dimethylformamide (DMF) was added to the stock solution.
Upon labeling, the ratio protein:label was 1:4, and samples
were incubated at 4°C overnight. Excess of free label was
removed thereafter by changing buffer using Amicon spin-
concentrators (MWCO 3000). Additionally, to remove possibly
degraded and aggregated protein, prepared samples were centri-
fuged at 90,000 × g for 30 min. The extent of labeling (the frac-
tion of labeled Gal-7) was determined via comparison of
protein concentration and probe concentration in the sample of
labeled protein. Gal-7 concentration was measured with
Bradford assay (BioRad Hercules, CA, USA). The concentra-
tion of probes in the sample of labeled protein was measured in
denaturing buffer containing 0.05 M MOPS, 10% v/v glycerol,
5% v/v ethanol and 2% w/w sodium dodecyl sulfate.
Under these conditions, the extinction coefficient for EDANS
and DABCYL was found as ε336 = 6280 M−1 cm−1 and
ε450 = 20,800 M−1 cm−1, accordingly. Initial concentrations of
the EDANS and DABCYL probes were determined by absorb-
ance of DABCYL in methanol at 428 nm (ε = 22,330 M−1

cm−1, AnaSpec) and EDANS in water (ε = 6100 M−1 cm−1,
Hudson and Weber 1973). The extent of labeling was 17% for
DABCYL-labeled Gal-7 and 65–85% for EDANS-labeled
Gal-7. To remove the excess of lactose, the buffer was changed
with spin concentrators (Amicon) and desalting columns
(Pierce). In FRET experiments the concentration of donor-
labeled Gal-7 was maintained at 1 μM.

NMR spectroscopy
Uniformly 15N-labeled Gal-7 was dissolved at a concentration
of 1 mg/mL (67 μM monomer) in 20 mM potassium phos-
phate buffer at pH 7.0, made up using a 95% H2O/5% D2O
mixture containing 2 mM DTT. 1H–15N HSQC NMR experi-
ments were used to investigate binding of lactose. 1H and 15N
resonance assignments for recombinant Gal-7 had previously
been reported (Nesmelova et al. 2012).
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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 pulse field gradient
unit. A gradient sensitivity-enhanced version of two-
dimensional 1H–15N HSQC was applied with 256 (t1) × 2048
(t2) 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).
In 1H–15N HSQC experiments on proteolytically truncated

Gal-3, samples contained 0.2 mM uniformly 15N-labeled
protein in 20 mM phosphate buffer, pH 7.4 in H2O, plus 10%
D2O for field-frequency lock. Spectra were recorded at 298 K
in a Bruker Avance 600-MHz spectrometer equipped with a
cryogenically cooled HCN probe with z-axis gradients and
processed with MestReNova. Resonance assignments are
available at BMRB, entry 15705.

Determination of the binding constants by NMR
Monte Carlo calculations were used to determine values of K1

and K2 from titration curves acquired using HSQC spectra on
15N-labeled Gal-7 as a function of lactose concentration.
Calculations using one-site and two-site ligand-binding
models were performed as previously described (Nesmelova
et al. 2010; Miller et al. 2011) with 20 individual 1H and 15N
resonances that were most chemically shifted during the
titration.

STD-NMR studies
Samples for STD experiments were prepared with 500 µM
CBTC as a molecular probe (Maybridge, Cambridge, UK)
and Gal-7 concentrations around its apparent dimer KD value
(0.5, 1.5, 2.5 and 5.0 μM) in fully deuterated 20 mM phos-
phate buffer at p2H 7.4. The effect of lactose was analyzed by
repeating the experiments after the addition of 8 mM lactose
to the samples.
STD-NMR data were collected at 298 K on a Bruker

Avance DRX 500 MHz spectrometer equipped with a 5 mm
inverse probe head. The protein was saturated on-resonance at
0.8 ppm and off-resonance at 100 ppm with a train of
Gaussian-shaped pulses of 50 ms each and a total saturation
time of 2 s. Experiments were performed by triplicate, render-
ing reproducible results.

Gel filtration FPLC studies
Gel filtration was performed with a Superose 12 10/300 GL
column (void volume: 7.2 mL; Amersham Biosciences AB,
Uppsala, Sweden) equilibrated at 30°C with 20 mM potas-
sium phosphate buffer, pH 7.0, containing 2 mM DTT and
0.02% NaN3, in the absence or presence of 10 mM lactose.
The flow rate was 0.5 mL/min, and the elution was monitored
at 280 and 215 nm simultaneously using an ÄKTA Purifier
equipment (GE Healthcare Lifesciences, Diegen, Belgium). In
each experiment, the concentration of the eluted protein was
calculated using the dilution factor estimated from the ratio of
width at half-height of the peak to the injection volume
(100 μL). Blue dextran (2000 kDa), bovine serum albumin

(66 kDa), carbonic anhydrase (29 kDa) and cytochrome c
(12.4 kDa) were fractionated for calibration under similar
conditions.

Circular dichroism
CD spectra were acquired at 20 and 30°C in a J-810 spectro-
polarimeter equipped with a Peltier temperature control
system, using a band width of 1 nm and a response time of
2 s. Far UV spectra were recorded in 0.2/0.1 cm path length
quartz cells at a protein concentration of 0.1–1.25 mg/mL
(6.6–83 μM monomer), while near-UV spectra were registered
at 0.3–4.2 mg/mL (20–280 μM monomer) in 1/0.2 cm path-
length cells. Spectra were recorded in 20 mM potassium phos-
phate buffer, pH 7.0, containing 2 mM DTT, in the absence or
presence of 10 mM lactose. For all the spectra, the corre-
sponding buffer baseline was subtracted. Thermal denaturation
experiments were carried out by increasing the temperature
from 20 to 80°C at a scanning rate of 0.33°C/min. Variations
in ellipticity at a given wavelength were monitored every 0.2°
C. Thermal denaturation profiles were described in terms of
the following sigmoidal function:

QðTÞ ¼ QDðTÞ � ½QDðTÞ þQNðTÞ�
f1þ exp½A(T � T1=2)=RTT1=2�g

where T is the absolute temperature, T1/2 is the half transition
temperature, R is the gas constant, A is the temperature con-
stant accounting for the variation of the ratio between the
native and denatured states and ΘD (T) and ΘN (T) are the el-
lipticity of the denatured and native states at temperature T.
ΘD and ΘN were approximated as linear functions of tempera-
ture, as described previously (Campanero-Rhodes et al.
2006).

Hetero-FRET measurements
Fluorescence of EDANS-Gal-7 was excited with the third har-
monics of a passively Q-switched microchip YAG laser
(SNV-20F-100, Teem Photonics Meylan, France), operated at a
pulse repetition rate of 20 kHz and selected with a 409 nm
long-pass glass filter. To avoid anisotropy effects, fluorescence
was passed through a polarizer oriented at the magic angle.
Fluorescence signals were detected after every laser shot with a
photomultiplier module Hamamatsu H5773-20 and acquired
with a transient digitizer (Acqiris DC252, Agilent Palo Alto,
CA, USA) with a sampling resolution of 0.125 ns. The instru-
ment response function (IRF) was acquired with scattered light
at the same instrument settings as in the fluorescence measure-
ment, except that there was no emission filter and the emission
polarization was vertical. The sample was placed in thermo-
stated cuvette, and all experiments were performed at 30°C.
Analysis of the data was performed as described elsewhere
(Agafonov et al. 2009). In short, traces of donor fluorescence
were fitted as one-exponential decay to examine the effect of
dimer formation. The decrease in apparent lifetime of donor
fluorescence with an increase of acceptor concentration unam-
biguously confirms a FRET effect between donor and acceptor
in formed dimers. The mole fraction of dimers with donor–ac-
ceptor pair was determined in two steps. First, fluorescent traces
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of donor-only-labeled Gal-7 and donor–acceptor-labeled Gal-7
(sub-stoichiometric acceptor concentrations) were fitted as
two-exponential decay (Agafonov et al. 2009) to characterize
donor fluorescence. Second, fluorescent traces of donor in the
presence of acceptor ([acceptor] > [donor]) were fitted consider-
ing FRET between donor and acceptor, using parameters of
donor fluorescence as determined in the first step. The Foerster
radius R0 = 4 nm for EDANS–DABCYL pair (Agafonov et al.
2009). All observed fluorescent traces were fitted globally, in-
cluding samples with different lactose concentrations. In these
fits, amplitudes and lifetimes of donor fluorescence were linked
and not varied. The interprobe distance and the Gaussian width
of the interprobe distance distribution were linked and varied.
The fraction of donor-only-labeled Gal-7 was not linked and
varied. These fits revealed an interprobe distance of 4.2 nm, in
excellent agreement with the Cα—Cα distance in the X-ray
structure (3.8 nm, Leonidas et al. 1998).

MD simulations
The coordinates of ligand-free Gal-7 and complexes of Gal-7
with one lactose molecule bound and with two galactoses
bound were obtained from the PDB (codes are 1BKZ, 4GAL
and 2GAL, respectively) (Bernstein et al. 1977). In all
instances, Gal-7 is a dimer. In the crystallographic structure of
the complex with one lactose molecule, only subunit b hosts
a molecule of lactose, while subunit a is free of ligand. In
addition, one trajectory was created where lactose was
removed from the complex, i.e., from subunit b.
MD simulations were performed by using the NAMD 2.6

(Phillips et al. 2005) software with CHARMM force field
parameters for the protein, CARBOHYDRATE parameters for
lactose and galactose and TIP3P for water molecules.
Simulations were carried out under sothermal-isobaric (NPT)
ensemble conditions with periodic boundary conditions and
Particle Mesh Ewald (PME) electrostatics using a 2 fs time
step. The Langevin piston method was used to maintain a con-
stant pressure of 1 atm with a piston period of 100 fs and a
piston decay of 50 fs. The temperature was maintained at 300
K. The dimer of Gal-7 without ligand or in complexes with
ligand was solvated in a box of 61 × 71 × 81 Å3. Following
initial minimization, heating and equilibration stages, the pro-
duction phase of each MD simulation ran for 20 ns.
Coordinates were saved every 10 ps for further analysis. The
overall stability of each simulation system was evaluated by
monitoring the time evolution of the RMSD of each Cα atom
with respect to the initial structure. Trajectories were analyzed
using VMD (Humphrey et al. 1996) and CHARMM
(MacKerell et al. 1998) program packages. All molecular
images were prepared with VMD. Because relative movements
of subunits in the dimer can obscure analysis of intra-subunit
correlated motions, rigid-body rotational and translational
motions were accounted for by fitting frames on the reference
structure and by performing superposition and RMSF calcula-
tions individually for each subunit.

Binding energy calculations
Binding energies were calculated as the difference between
the energy of the complex and the energy of the individual

components using the MM/PBSA approach (Kollman et al.
2000).

DEbind ¼ Ecomplex � Eprot � Eligand

E ¼ EVdW þ EPB þ ESASA

where EvdW stands for the van der Waals interaction energy;
EPB stands for the electrostatic interaction energy and polar
contribution of solvation energy and ESASA characterizes the
nonpolar contribution to the solvation effect.

Dynamic cross-correlation matrix
Motional correlations between/among residues were analyzed
by examining the dynamic cross-correlation map (DCCM) of
Cα atoms for lactose-loaded and ligand-free Gal-7. Protein
structures from the trajectory were superimposed to a refer-
ence structure in order to remove overall translational and ro-
tational motions of the protein.
The cross-correlation matrix element Cij of atoms i and j

was calculated as:

Cij ¼ ½D~riðtÞD~rjðtÞ�
ð½ðD~riðtÞÞ2�½ðD~rjðtÞÞ2�Þ1=2

where < > denotes an MD-averaged quantity. The displace-
ment from the average MD position of atom i is given by:
D~riðtÞ ¼~riðtÞ � ½~riðtÞ�.

Interaction energy correlation
Interaction energies between residue pairs were calculated as a
function of time in the 20 ns MD simulation. Only residue–
residue interactions with average interaction energies >1 kcal/
mol were analyzed (Kong and Karplus 2007). The correlation
between two sets of residue–residue interaction energies i, j
and k, l is defined as:

CEijjkl ¼
½DEijðtÞDEklðtÞ�

ð½ðDEijðtÞÞ2�½DðEklðtÞÞ2�Þ1=2

where

DEnmðtÞ ¼ EnmðtÞ � ½EnmðtÞ�

and EnmðtÞ is the electrostatic energy between protein residues
m and n.
We also used the method of Kong and Karplus (2007,

2009), which is based on calculating energy correlations
between all interacting residue pairs in the MD ensemble of
protein conformers. The resulting interaction correlation
matrix complements the covariance map approach, with the
added advantage that relative subunit motions do not influ-
ence intra-molecular pairwise interaction energies. To create
this interaction correlation matrix, we first calculated electro-
static interaction energies between all residue pairs as a func-
tion of time during the MD trajectory and then determined
equal-time correlations for the interaction energies. Thermal
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noise was reduced by averaging over a time window of 100
ps, and we excluded sequential residue pairs and those pairs
with average interaction energies less than 1 kcal/mol.
To visualize these pairwise correlations, we modified a pro-

jection of the interaction energy correlation matrix in residue
space (residue correlation matrix) as suggested by Kong and
Karplus (2007, 2009), and created a matrix in which each
element was equal to the average absolute value of the correl-
ation coefficient for any pair of residues. For example, if the
interaction energy correlation coefficient for residue pairs
20.87 and 49.51 (i.e., 20.87|49.51) is 0.7 and that for pairs
(103.87|51.64) is 0.5, then the projection on the matrix for
residues 87 and 51 would be 0.6. Because each column and
row in the correlation matrix represents a specific residue in
the protein, we end up with a normalized 135 × 135 matrix
for the monomer and a 270 × 270 matrix for the dimer. This
matrix then represents pairwise correlations between distant
residues, independently of the origin of the correlation.

Supplementary data

Supplementary data for this article are available online at
http://glycob.oxfordjournals.org/.
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