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ABSTRACT: Understanding the driving forces underlying
molecular recognition is of fundamental importance in chemistry
and biology. The challenge is to unravel the binding thermody-
namics into separate contributions and to interpret these in
molecular terms. Entropic contributions to the free energy of
binding are particularly difficult to assess in this regard. Here we
pinpoint the molecular determinants underlying differences in
ligand affinity to the carbohydrate recognition domain of galectin-
3, using a combination of isothermal titration calorimetry, X-ray
crystallography, NMR relaxation, and molecular dynamics
simulations followed by conformational entropy and grid inhomogeneous solvation theory (GIST) analyses. Using a pair of
diastereomeric ligands that have essentially identical chemical potential in the unbound state, we reduced the problem of
dissecting the thermodynamics to a comparison of the two protein−ligand complexes. While the free energies of binding are
nearly equal for the R and S diastereomers, greater differences are observed for the enthalpy and entropy, which consequently
exhibit compensatory behavior, ΔΔH°(R − S) = −5 ± 1 kJ/mol and −TΔΔS°(R − S) = 3 ± 1 kJ/mol. NMR relaxation
experiments and molecular dynamics simulations indicate that the protein in complex with the S-stereoisomer has greater
conformational entropy than in the R-complex. GIST calculations reveal additional, but smaller, contributions from solvation
entropy, again in favor of the S-complex. Thus, conformational entropy apparently dominates over solvation entropy in dictating
the difference in the overall entropy of binding. This case highlights an interplay between conformational entropy and solvation
entropy, pointing to both opportunities and challenges in drug design.

■ INTRODUCTION

Molecular recognition is fundamental to biology in that it
governs signaling within and between cells, with prominent
examples provided by the immune system, hormonal control of
distant organs in higher organisms, and specificity of enzyme
reactions. Modern medicine is to a large extent based on the
possibility to interfere with and control molecular recognition
by the design of synthetic ligands or effectors that bind to a
specific protein in a given signaling pathway. Drug design aims
to generate such protein ligands that have high affinity and
specificity for the target. Despite the enormous resources
contributed by industry and academia over the past several
decades, rational structure-based design of ligands by
computational approaches remains extremely challenging.
One reason is that the free energy of binding is in most

cases a small difference between large numbers arising from the
different interactions between the protein, ligand, other
solutes, and solvent molecules. In addition, the energy terms
are strongly dependent on the detailed molecular conforma-
tions, due to their sharp dependence on interatomic distances
and orientations. Furthermore, entropic contributions can be
significant because proteins have many degrees of freedom, are
generally flexible, and consequently populate a wide range of
conformations. Recent work has indeed highlighted the role of
protein conformational entropy in ligand binding,1−8 as well as
the highly heterogeneous response of water molecules around
binding sites9−12 and ligands.13
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We have identified the carbohydrate recognition domain
(CRD) of galectin-3 (denoted galectin-3C) as an interesting
system for investigating the role of conformational entropy4,5

and solvation in ligand binding.14 Galectin-3 has a relatively
solvent-accessible binding site placed in a shallow groove
across one of the two β-sheets, with water molecules forming
an integral part of the binding site by bridging between the
ligand and protein.14,15 Galectin-3 is a member of the galectin
family of mammalian lectins, defined by the CRD with its
conserved sequence motif that confers affinity for β-galactoside
containing glycans.16,17 Galectins play important roles in cell
growth, cell differentiation, cell cycle regulation, signaling, and
apoptosis, which target them for pharmaceutical intervention
to treat inflammation and cancer,16−19 with specific examples
reported for galectin-3.20−22

Here, we report a comparative analysis of galectin-3C in
complex with two diastereomeric ligands. The advantage of
this approach is that the differences in binding thermody-
namics are dominated by the properties of the two ligand−
protein complexes, while the unbound diastereomers have
nearly identical chemical potential in the unbound state and
thus cancel in the comparative analysis. We used a
combination of experimental and computational approaches
including isothermal titration calorimetry (ITC), competitive
fluorescence polarization assay, X-ray crystallography, NMR
spectroscopy including 15N backbone and 2H side-chain
methyl relaxation, and molecular dynamics (MD) simulations
followed by conformational entropy and grid inhomogeneous
solvation theory (GIST) calculations. Following on our
previous work,4,5 we focus on entropic contributions to the
free energy of binding. In the present work, we extend the
analysis to include not only conformational entropy of the
protein and ligand but also solvent entropy. Our results show
that conformational entropy makes a greater contribution than
solvent entropy to the difference between ligands in overall
entropy of binding, and further highlight an interplay between
conformational entropy and solvent entropy in contributing
toward ligand binding affinity and specificity.

■ MATERIALS AND METHODS
Ligand Synthesis. The two diastereomeric compounds (2R)- and

(2S)-2-hydroxy-3-(4-(3-fluorophenyl)-1H-1,2,3-triazol-1-yl)-propyl)
2,4,6-tri-O-acetyl-3-deoxy-3-(4-(3-fluorophenyl)-1H-1,2,3-triazol-1-
yl)-1-thio-β-D-galactopyranoside (denoted ligands R and S, respec-
tively) were synthesized from triisoprolylsilyl 2,4,6-tri-O-acetyl-3-
azido-3-deoxy-1-thio-β-D-galactopyranoside23 and R- and S-glycidyl
nosylate. Reaction conditions, physical data, and purity data are given
in the Supporting Information.
Protein Expression and Purification. Galectin-3C was ex-

pressed and purified by the Lund Protein Production Platform (LP3)
at Lund University following published protocols,4,5 yielding a protein
stock solution of 9.2 mg/mL in ME-PBS buffer (10 mM Na2HPO4,
1.8 mM KH2PO4, 140 mM NaCl, 2.7 mM KCl, pH 7.3, 2 mM
ethylenediaminetetraacetic acid (EDTA), 4 mM β-mercaptoethanol),
and 150 mM lactose. The protein stock solution was stored at 278 K.
Isothermal Titration Calorimetry. Galectin-3C samples were

prepared by extensive dialysis against 5 mM 4-(2-hydroxyethyl)-1-
piperazinethanesulfonic acid (HEPES) buffer to remove all lactose,
followed by centrifugation at 14 000 rpm to remove any aggregates.
Both ligands were dissolved in stock solutions of dimethyl sulfoxide
(DMSO) to prepare stock solutions 20.7 mM and 20.3 mM for R and
S, respectively, and sonicated immediately prior to experiments.
Isothermal titration calorimetry (ITC) experiments were performed
on MicroCal iTC200 and MicroCal PEAQ−ITC instruments
(Malvern) at a temperature of 301 K by titrating the protein at a

concentration of 0.22 mM into the cell containing the ligand at a
concentration of 0.02 mM. The DMSO concentrations in the cell and
the syringe were carefully matched to minimize the heat of dilution,
and were the same for the two ligands. Five replicate experiments
were performed for each complex. Peak integration was done using
NITPIC.24 A single-site binding model was fitted simultaneously to
the 5 titrations curves to yield the binding enthalpy (ΔH), fraction of
binding-competent protein (n), and dissociation constant (Kd), using
in-house MATLAB routines with Monte Carlo error estimation.25

The heat released or absorbed during the ith injection is given by26

Q i Q i Q i V V Q i Q i

Q

( ) ( ) ( 1) ( / ) ( ) ( 1) /2i 0

off

Δ = − − + [ − − ]

+

where Vi is the volume of the ith injection, V0 is the cell volume, Qoff is
an offset parameter that accounts for heats of mixing, and Q(i) is the
heat function following the ith injection:

Q i HV nM X( ) ( /2) 4 i i0
2α α= Δ [ − − ]

where α = nMi + Xi + Kd, andMi and Xi are the total concentrations of
protein and ligand, respectively, in the cell at any given point of the
titration. The free energy and entropy of binding were subsequently
determined using the relationships ΔG° = RT ln(Kd) and −TΔS° =
ΔG° − ΔH°.

Competitive Fluorescence Polarization Experiments. The
binding affinity between galectin-3C and each ligand was determined
using competitive fluorescence polarization experiments described
previously,22 using the fluorescent probe 3,3′-dideoxy-3-[4-(fluores-
cein-5-yl-carbonylaminomethyl)-1H-1,2,3-triazol-1-yl]-3′-(3,5-dime-
thoxybenzamido)- 1,1′-sulfanediyl-di-β-D-galactopyranoside.27

X-ray Crystallography. Crystals of lactose-bound galectin-3C
were grown with the hanging drop method in NeXtal plates and with
the following reservoir condition: 28% (w/v) PEG 4000, Tris-HCl
pH 7.5, 0.4 M NaSCN, 15 mM β-mercaptoethanol. The drop volume
was 2 μL and the protein solution:reservoir ratio was varied between
0.5:1, 1:1, and 2:1. The crystals were then moved to drops containing
the same reservoir with the addition of 10 mM of the ligand (R or S),
made from a 100 mM stock solution in neat DMSO. Soaking lasted
for 7 h for the R diastereomer and 20 h for S. Before data collection,
crystals were placed for a couple of seconds in a drop containing 1
volume of 100% PEG400 and 3 volumes of crystallization solution as
a cryoprotectant, before cryocooling to 100 K in a stream of gaseous
N2. Data were collected at 100 K at beamline I911−3 of the MAX-II
synchrotron, Lund, Sweden.28 All data were integrated using XDS.29

Diffraction data for R were collected in a single pass, while that for S
involved two passes, one at low resolution with lower exposure time
followed by one at high resolution, and subsequently scaled and
merged with XSCALE.29

MTZ files were generated with Aimless.30 Cross-validation during
refinement was based on 10% of the reflections. An initial structure
solution was determined through rigid-body refinement in Refmac531

using as a starting model the lactose−galectin-3C structure14 with
lactose and water molecules removed and with the resolution limit set
to 3.5 Å. The structures of the R and S ligand stereoisomers were built
manually using Chimera32 and geometric restraints for the ligands
were obtained through phenix.eLBOW.33 Restrained refinement was
then performed using phenix.refine34 using data to the diffraction
limit. Manual rebuilding, including addition of water molecules, was
done using Coot.35

Ensemble Refinement of Crystal Structures. Ensemble
refinement of the X-ray diffraction data was performed using the
module phenix.ensemble_refinement in the Phenix software suite.36

The X-ray crystal structures of the S-galectin-3C and R-galectin-3C
complexes from the previous section were used as starting structures.
The crystallographic water molecules were kept and hydrogen atoms
and missing atoms in the protein were added using the Leap module
from the Amber 14 software.52 Ligand restraints and coordinates were
the same as those used in the original refinement.
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The collective dynamics of the protein were described using a TLS
model with a single group, which included both the protein and the
ligand atoms. A model including two TLS groups was also tested
one for the ligand and one for the proteinbut it gave worse results
(Rfree values of 0.20 compared to 0.17 for the single TLS model). The
percentage of atoms included in the TLS-fitting (pTLS) was optimized
by testing five different values (0.5, 0.6, 0.7, 0.8 and 0.9) and choosing
the one that yielded the lowest Rfree, which was pTLS = 0.7 for both
protein−ligand complexes. An ensemble of structures was then
generated by running MD simulations, in which the model was
restrained by a time-averaged X-ray maximum-likelihood target
function. The X-ray weight-coupled temperature bath offset was
kept at the default value of 5 K. A 1.25 ps relaxation time of the time-
averaged-restraints was used, resulting in 25 ps long MD simulations,
with structures stored every 0.05 ps. All structures generated by
ensemble refinement were kept, resulting in 500 different structures in
each ensemble. Atomic fluctuations were calculated using the cpptraj
module of Amber after removal of the water molecules.37

NMR Sample Preparation. The galectin-3C concentration was
0.32, 0.2, and 0.34 mM for the 15N, 15N/13C, and 15N/13C/2H
samples, respectively. The ligands were dissolved in neat DMSO to a
concentration of 8.2 mM for S and 35 mM for R. The protein−ligand
complexes were prepared by titrating the ligand into the protein, while
monitoring the 15N heteronuclear single-quantum correlation
(HSQC) spectra. The final DMSO content in the NMR sample
was 4.3% for S and 1.2% for R.
NMR Resonance Assignments and Chemical Shift Analysis.

Backbone chemical shift assignments were based on HNCACB38

spectra and previous assignments for various galectin-3C complexes.5

Methyl groups were assigned using CCH-TOCSY and HCCH-
TOCSY experiments.39,40 All spectra were processed using
NMRPipe,41 employing a processing protocol including a solvent
filter, square cosine apodization, and zero filling to twice the number
of points in all dimensions. All spectra were analyzed using the
CCPNmr program suite.42 Chemical shift differences were evaluated
as weighted distances: ([Δδ(1H)]2 + [0.1Δδ(15N)]2)1/2 for backbone
amides and ([Δδ(1H)]2 + [0.25Δδ(13C)]2)1/2 for methyls.
NMR Relaxation Experiments and Data Analysis. 15N R1, R2,

and {1H}−15N nuclear Overhauser effect (NOE) experiments
targeting the backbone amides were performed at magnetic field
strengths of 11.7, 14.1, and 21.1 T, and a temperature of 301 K.
Spectral widths were 14−16 ppm and 28−30 ppm for 1H and 15N,
respectively, covered by 1024 and 128 points. Relaxation decays were
recorded with 10 relaxation delays ranging between 0−1 s for R1
acquired at 11.7 and 14.1 T, 0−3 s for R1 acquired at 21.1 T, and 0−
0.2 s for R2 (at all fields) with a 1.2 ms delay between refocusing
pulses. The NOE was measured using a 1H saturation time of 7 s and
a recycle delay between experiments of 3 and 7 s for experiments
acquired at 11.7 and 14.1 T, respectively, while the reference
experiment was acquired using a recycle delay of 10 and 14 s at 11.7
and 14.1 T, respectively. NOE experiments performed at 21.1 T
employed a 1H saturation time of 6 s and a recycle delay between
experiments of 2 s, while the reference experiment was acquired with a
recycle delay of 14 s. Peak intensities were evaluated as partial peak
volumes calculated over 3 × 5 points in the direct and indirect
dimension, respectively. Monoexponential functions were fitted to the
R1 and R2 relaxation decays using the CCPNmr program suite and
bootstrap error estimation. NOEs were calculated as the ratio of the
peak intensities in the saturated and reference experiments, and the
standard errors were determined by propagating the errors of
intensities estimated from the baseplane noise.
R1(DZ), R(3DZ

2 − 2), R2(D+), and R(D+DZ + DZD+)
2H relaxation

experiments43 targeting the methyl groups were recorded at 11.7 and
14.1 T. Spectral widths were 16 and 20 ppm for 1H and 13C,
respectively, covered by 1024 points in the 1H dimension at both field
strengths, and 70 and 84 points for 13C at 11.7 and 14.1 T,
respectively. The number of points recorded were 1024 for 1H at both
static magnetic field strengths. Relaxation decays were sampled by 9
points covering 0−0.1 s for R1(DZ) and R(3DZ

2 − 2), 0−20 ms for
R2(D+) and R(D+DZ + DZD+). The recycle delay was 1.8−2 s. Peak

volumes were evaluated using the program suite PINT.44 Mono-
exponential functions were fitted to the relaxation decays using an in-
house MATLAB script with Monte Carlo error analysis.25

15N CPMG relaxation dispersion experiments were performed at
301 K and static magnetic field strengths of 11.7 and 14.1 T on S-
galectin-3C and 14.1 T on R-galectin-3C, using a single experimental
data point per refocusing frequency.45,46 A series of 19 relaxation
dispersion spectra were acquired with CPMG refocusing frequencies
ranging from 50 to 800 Hz, and in addition a single reference
spectrum was recorded without any CPMG refocusing pulses. The
relaxation dispersion data were analyzed using the general equation
for two-state exchange.47−49

Model-Free Analysis of NMR Relaxation Data. Backbone
amide model-free parameters were fitted using the program suite
relax,50−52 using a N−H bond length of 1.02 Å and a 15N chemical
shift anisotropy of −172 ppm. The backbone optimization was
restricted to five different models defined by the parameter sets: {O2},
{O2, τe}, {O

2, Rex}, {O
2, τe, Rex}, or {O

2
f, O

2
s, τs}, where O

2, O2
f, and

O2
s denote the order parameter with subscripts f and s indicating that

the order parameter can be resolved into amplitudes of fluctuation
taking place on separate time scales (fast and slow), τe and τs denote
effective correlation times for the internal motion with subscript s
indicating that the correlation time is associated with the slower time
scale, and Rex denotes exchange contributions to R2; in addition, the
correlation time for overall rotational diffusion, τc, was also fitted.53

Side-chain methyl-axis model-free optimization was performed using
in-house routines implemented in MATLAB. The 2H quadrupolar
coupling constant was set to 167 kHz.54 Three different models were
fitted using two {O2, τf}, three {O

2, τf, τeff}, or four {Of
2, Os

2, τf, τeff}
parameters, where τf is associated with fast motions, τeff = (1/τc + 1/
τs)

−1, and τs denotes the correlation time for slow internal motions on
par with τc.

55 The global correlation time was fixed to the value
obtained from the backbone model-free optimization. Model selection
was performed using an F-test at the level α = 0.95 (p < 0.05).56

Conformational Entropy Estimates from Order Parameters.
The backbone conformational entropy change, going from state A to
B, was estimated from the NMR order parameters using the
relationship1,57

S R O Oln (1 )/(1 )
k

k kAB B,
2

A,
2∑Δ = [ − − ]

(1)

where OX,k is the order parameter for residue k in state X, and the sum
runs over all residues. In a similar way, the conformational entropy
change of the side chain methyl-axis was determined using57

S R C O O( )
m

m
n

n nAB B,
2

A,
2∑ ∑Δ = −

(2)

where Cm is a function of the residue type. The sums run over all
residues n of type m. Cm = 1.32 for Val and Thr, 3.1 for Ile and Leu,
and 2.31 for Met. The entropy for Ala side chains was calculated using
eq 1.

The entropy estimated from eqs 1−2 rests on a number of
assumptions that have been discussed in the literature.1,58,59 Most
importantly, the approach does not account for contributions from
conformational fluctuations with correlation times greater than τc, and
does not consider the effects of correlated motion. An alternative
approach, based on empirical calibration, has been proposed
recently.60 Here, the total conformational entropy is estimated from
the average methyl-axis order parameters:

S s N OAB d
2

ABΔ = Δ⟨ ⟩χ (3)

where sd = −(4.8 ± 0.5) × 10−3 kJ/mol/K is an empirically
determined constant,60 Nχ denotes the number of dihedral angles, and
Δ⟨O2⟩AB is the difference between states A and B in their average
methyl-axis order parameter. This empirically calibrated estimate of
conformational entropy is believed to capture also the effects of
correlated motion and motions occurring on time scales greater than
τc.

60
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Molecular Dynamics Simulations and Analysis. All MD
simulations were run with the Amber 14 software suite.61 The X-ray
crystal structures of the S-galectin-3C and R-galectin-3C complexes
were used as the starting points for MD simulations. The PDB
structure 3ZSL was used for the simulations of apo galectin-3C.
Separate simulations were run for the two different conformations
observed for ligand S. All crystal-water molecules were kept in the
simulations. Each galectin-3C complex was solvated in an octahedral
box of water molecules extending at least 10 Å from the protein using
the tleap module, so that 4965−5593 water molecules were included
in the simulations. The simulations were set up in the same way as in
our previous studies of galectin-3C.4,62,63 All Glu and Asp residues
were assumed to be negatively charged and all Lys and Arg residues
positively charged, whereas the other residues were neutral. The
active-site residue His158 was protonated on the ND1 atom, whereas
the other three His residues were protonated on the NE2 atom, in
accordance with the neutron structure of the lactose-bound state,15

NMR measurements, and previous extensive test calculations with
MD.64 This resulted in a net charge of +4 for the protein. No
counterions were used in the simulations.
The protein was described by the Amber ff14SB force field,65 water

molecules with the TIP4P-Ewald model,66 whereas the ligands were
treated with the general Amber force field.67 Charges for the ligands
were obtained with the restrained electrostatic potential method.68

The ligands were optimized with the semiempirical AM1 method,
followed by a single-point calculation at the Hartree−Fock/6-31G*
level to obtain the electrostatic potentials, sampled with the Merz−
Kollman scheme.69 These calculations were performed with the
Gaussian 09 software.70 The potentials were then used by
antechamber to calculate the charges. A few missing parameters
were obtained with the Seminario approach:71 The geometry of the
ligands was optimized at TPSS/def2-SV(P) level, followed by a
frequency calculation using the aoforce module of Turbomole 7.01.72

From the resulting Hessian matrix, parameters for the missing angles
and dihedrals were extracted with the Hess2FF program.73 These
parameters are given in Table S1 in the Supporting Information.
For each complex, 10 000 steps of minimization were used,

followed by 20 ps constant-volume equilibration and 20 ps constant-
pressure equilibration, all performed with heavy nonwater atoms
restrained toward the starting structure with a force constant of 209
kJ/mol/Å2. Finally, the system was equilibrated for 2 ns, followed by
10 ns of production simulation, both performed with constant
pressure and without any restraints. For each protein−ligand complex,
10 independent simulations were run, employing different solvation
boxes and different starting velocities.74 Consequently, the total
simulation time for each complex was 100 ns. All bonds involving
hydrogen atoms were constrained to the equilibrium value using the
SHAKE algorithm,75 allowing for a time step of 2 ps. The temperature
was kept constant at 300 K using Langevin dynamics,76 with a
collision frequency of 2 ps−1. The pressure was kept constant at 1 atm
using a weak-coupling isotropic algorithm77 with a relaxation time of 1
ps. Long-range electrostatics were handled by particle-mesh Ewald
(PME) summation78 with a fourth-order B spline interpolation and a
tolerance of 10−5. The cutoff radius for Lennard−Jones interactions
between atoms of neighboring boxes was set to 8 Å. The snapshots
were analyzed with the cpptraj module.37

Conformational Entropy Estimates from MD Simulations.
To validate the MD trajectories by NMR, we calculated order
parameters from the MD trajectories. The N−H order parameters
were obtained using isotropic reorientational eigenmode dynamic
analysis.79 The covariance matrix of the NH bond vectors was
obtained from the trajectories by the cpptraj module37 in the Amber
14 software.61

A total of 10 000 snapshots with a 10 ps sampling frequency were
used for entropy and order parameter estimates, employing separate
simulations for the complexes, for free galectin-3C and for the
solvated ligands. Conformational entropies were calculated from the
ensemble of configurations of the protein and ligands by analyzing the
dihedral angle fluctuations.4,63,80,81 The Cartesian coordinates from
the trajectories were transformed to internal coordinates and the

entropies were then calculated from probability distributions over all
possible states of these coordinates using a bin size of 5° (i.e., 72 bins
per dihedral). Entropies were normalized to that of a free rotor.4 All
entropies are reported as −TΔS at 301 K.

Both entropies and order parameters were calculated as averages
over 50 simulations of 2 ns each (with 200 snapshots in each, i.e., each
of the 10 simulations were divided into five parts of equal length).
The 2 ns time window is similar to the rotational correlation time of
the protein. This procedure yields more stable entropy estimates by
restricting the dependence on rare events.63 The reported
uncertainties are standard errors over these 50 simulations.

To estimate the effect of correlation, entropies were also calculated
employing the maximum information spanning tree algorithm82,83

(MIST), with the pdb2entropy program.84 Entropies were calculated
to the tenth nearest neighbor to account for high-order correlations,
whereas entropies calculated to the first nearest neighbor were
considered correlation-free.

Water Structure and Solvation Thermodynamics. We
analyzed the structure and thermodynamics of the solvent around
the two ligands (R and S) bound to galectin-3C, using GIST,85

implemented in the cpptraj module of the Amber 14 software. The
method requires snapshots from MD simulations in which the solute
is kept restrained. Therefore, we first performed clustering of the
trajectories from the unrestrained simulations described above, using
the hierarchical agglomerative clustering approach, implemented in
the cpptraj module, with average-linkage criteria and the ligand RMS
as distance metric. The minimum distance between clusters was set to
3.5 Å. Subsequently we performed 10 independent 10 ns long MD
simulations for each identified cluster. In these simulations the protein
was kept restrained toward the starting crystal structure, and the
ligand was kept restrained toward the conformation which best
represents the cluster, both with a force constant of 10 kcal/mol/Å2.

For each cluster, the water−water interaction energy, Ew−w, and
solute−water interaction energy, Es−w, as well as translational, Strans,
and rotational, Srot, entropy contributions were calculated for a
rectangular grid of dimensions 30 Å × 21 Å × 21 Å, centered on the
ligand and extended at least 3 Å on each side of the ligand. The grid
was divided into cubic boxes (0.5 Å × 0.5 Å × 0.5 Å), for which the
thermodynamic properties were calculated. The sum of these
properties over the entire region reveals changes in the hydration
thermodynamics of the region for each cluster, relative to the
thermodynamics of the bulk water. For each of the two ligands, the
solvation free energy, ΔGsolv, was calculated as a sum over solvation
free energies for each cluster, ΔGsolv(i), multiplied by the probability
of finding the ligand in conformation i, p(i):

G G i p i( ) ( )
i

solv solv∑Δ = Δ

A separate set of solute-restrained MD simulations was performed in
which both the protein and the ligand were restrained toward the
crystal structure. To analyze these simulations, we used a 27 Å × 14 Å
× 15 Å grid.

■ RESULTS AND DISCUSSION
Ligand Design and Synthesis. We investigated the

driving forces underlying affinity and selectivity in ligand
binding by carrying out a comparative analysis involving the
binding of two diastereomeric ligands R and S (Figure 1) to
galectin-3C. The design of ligands R and S was inspired by the
high-affinity (Kd = 2 nM) galectin-3 ligand 1−1′-sulfanediyl-
bis-{3-deoxy-3-[4-(3-fluorophenyl)-1H-1,2,3-triazol-1-yl]-β-D-
galactopyranoside}22,86 (Figure 1A). The high-affinity ligand
interacts with galectin-3 via one of the galactose residues (that
on the left-hand side in Figure 1A) in the conserved galactose
binding site and the fluorophenyltriazolyl moieties interacts via
face-to-face stacking with arginine side chains and one
fluorine−amide orthogonal multipolar interaction.22 The
second galactose moiety interacts with only a single hydrogen
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bond (Figure 1A; the noninteracting parts are depicted in
gray) to the protein, leading us to hypothesize that this
galactopyranose ring could be mimicked by a 2-hydroxypropyl
chain, which would open up for the synthesis of two
diastereomeric ligands R and S (Figure 1B).
Synthesis of the ligands R and S relied on fine-tuning the

reactivity between a 1-sulfhydryl-galactopyranose nucleophile
and a doubly electrophilic glycidyl derivative: In situ fluoride-
mediated activation of the masked nucleophilic triisopropylsilyl
thiogalactoside and (R)- and (S)-glycidyl nosylate, respec-
tively, proceeded stereoselectively in high yields, while other
galactose nucleophiles (-SAc, -SH, thiouronium salts, and

thioxanthate) and glycidyl electrophiles (glycidyl tosylate, tert-
butyl dimethyl silyl glycidyl, and epi-chlorohydrin) gave lower
yields and stereochemical scrambling due to nucleophilic
attack occurring on both C1 and C3 of the glycidyl derivatives,
or due to epoxide opening followed by intramolecular
substitution to epoxide reclosing. Regioselective ring-opening
of the epoxide with NaN3, Cu(I)-catalyzed cycloadditions with
1-ethynyl-3-fluorobenzene, and finally Zemplen transesterifica-
tion gave ligands R and S in 99+% purities.

Overall Binding Thermodynamics.We characterized the
thermodynamics of ligand binding using ITC. We carried out
five replicate titrations for each of ligands R and S, and
analyzed the binding isotherms by performing a combined fit
of the replicate data sets (Figure 2; Figure S1). Table 1 lists the

resulting binding thermodynamics. Both ligands have dissoci-
ation constants in the low micromolar range, Kd(R) = (1.0 ±
0.03) × 10−6 M and Kd(S) = (2.1 ± 0.1) × 10−6 M, and the
results correlate well with those obtained in competitive
fluorescence polarization experiments, Kd(R) = (0.43 ± 0.04)
× 10−6 M and Kd(S) = (0.67 ± 0.5) × 10−6 M. As reported
previously,5 Kd values determined by ITC are typically found
to be higher by a factor of 2−4 than those measured by
fluorescence polarization, but the relative affinities are
unchanged within errors. The free energies of binding differ

Figure 1. Chemical structures and synthesis of ligands. (A) Chemical
structure of the parent, high-affinity ligand 1−1′-sulfanediyl-bis-{3-
deoxy-3-[4-(3-fluorophenyl)-1H-1,2,3-triazol-1-yl]-β-D-galactopyrano-
side}. The noninteracting atoms of one galactopyranose are depicted
in gray. (B) Synthesis and structures of the two ligands R (red) and S
(blue). The stereocenter is located at the propyl C2 (marked by an
asterisk). Reagents and conditions: (i) TBAF·3H2O, dry THF. (ii)
NaN3, NH4Cl, dioxane/H2O 1:1. (iii) 1-Ethynyl-3-fluorobenzene,
CuI, Et3N, DMF. (iv) MeONa, MeOH.

Figure 2. ITC experiments of ligand binding to galectin-3C. Example
isotherms describing the titration of galectin-3C with ligand R (left-
hand side) and ligand S (right-hand side). The top panels show the
raw thermograms of differential power plotted versus the
ligand:protein molar ratio, while the lower panels show the resulting
isotherms. The binding curve results from global fitting of 5 replicate
data sets. Error bars are smaller than the size of the symbols, except
for the last titration point for ligand S. (Figure S1 shows all 5
isotherms for each ligand).

Table 1. Overall Binding Thermodynamics from ITC

complex Kd (10
−6 M)

ΔG°tot
(kJ/mol)

ΔH°tot
(kJ/mol)

−TΔS°tot
(kJ/mol)

R-galectin-
3C

1.0 ± 0.03 −34.6 ± 0.1 −60.4 ± 0.4 25.8 ± 0.4

S-galectin-
3C

2.1 ± 0.1 −32.7 ± 0.1 −55.7 ± 0.9 22.9 ± 0.9

difference
(R − S)

−1.9 ± 0.1 −5 ± 1 3 ± 1
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by only ΔΔG°(R − S) = −1.9 ± 0.1 kJ/mol, but the
differences in ΔH° and −TΔS° are greater and consequently
opposite in sign, indicating enthalpy−entropy compensation:
ΔΔH°(R − S) = −5 ± 1 kJ/mol and −TΔΔS°(R − S) = 3 ±
1 kJ/mol.
Crystal Structures Reveal Subtle Differences in

Binding Modes. The crystal structures of the R- and S-
galectin-3C complexes were refined to resolutions of 1.34 and
1.19 Å, respectively (see Table S2 for a summary of refinement
statistics). The quality of the electron density data is sufficient
to reveal the chirality of the ligands unambiguously (Figure 3
and Figure S2). As shown in Figure 3, the two complexes have
closely similar structures, with essentially no difference in the
protein backbone conformation. The RMS deviation between
the two structures is 0.13 Å for 473 backbone atoms and 0.59
Å when 2054 atoms are compared, including side chains.
Below we will denote the aromatic ring substituents on

galactose C3 as the “left hand side” (LHS), while the aromatic
rings connected to the propylic chain will be referred as the
“right hand side” (RHS); this notation is according to the
viewpoint of Figure 3 and all subsequent renditions of the
structures. The LHS shows perfect overlap between the two
complexes. The 3-fluorophenyl substituent sits in a pocket
generated by the displacement of Arg144, with the fluorine
atom pointing toward the protein backbone. Key interactions
involving the meta-fluorinated phenyl triazole on the LHS have
been described previously.22

The B-factors of the ligand atoms on the LHS are very
similar in the two complexes (10−15 Å2), and lower than those
of the RHS (20−35 Å2 in R and 20−40 Å2 in S), indicating
that the LHS is more ordered. The electron density for
Arg144, which stacks with the fluorinated phenyl ring of the
LHS, is slightly less well-defined in R than in S. The difference
in mobility of Arg144 does not seem to be correlated to the
minor differences in water structure (see below).
Although R and S have a different configuration at propyl

C2, the conformation of the ligand adjusts to allow the
hydroxyl group of the stereocenter to maintain a hydrogen
bond with Glu184. The configuration of the R-stereoisomer
enables the propyl linker to adopt the same conformation as
the corresponding segment in the glucose ring of the parent
compound (cf. Figure 1). Thus, the C2 hydroxyl group of R
makes an H-bond to Glu184 with its hydrogen atom in a
staggered conformation with respect to the aliphatic hydrogen
atom on the C2 carbon, as observed in the lactose and glycerol
complexes by neutron crystallography.15 In contrast, the
hydroxyl group in S is positioned in an eclipsed conformation
with respect to the aliphatic hydrogen, which is expected to be
energetically less favorable. This conformational adjustment
results in different interactions of the two ligands with the
protein at the RHS of the binding site. Furthermore, the RHS
of R is modeled with a single conformation, whereas the RHS
of S is modeled as two conformations in which the fluorinated
ring has two orientations related by an 180° flip. At the RHS,
both R and S interact with Arg186, despite the differences in
conformation at this end of the ligand. S appears at first glance
to have tighter interaction with Arg186 due to a better
alignment between the π orbitals of the ligand phenyl ring and
the face of the arginine guanidinium group. However, the
results from ensemble refinement suggest that the S isomer in
fact has higher mobility (see below).
Water molecules are well conserved around the binding site.

Particularly, we see that waters around the LHS overlap very

Figure 3. X-ray crystal structures of the ligand−galectin-3C
complexes. (A) R-galectin-3C (PDB ID 6QGF). (B) S-galectin-3C
(PDB ID 6QGE). (C) Overlay of the two complexes. The protein
backbone is shown in ribbon representation (gray), key ligand-
coordinating side chains are shown in stick representation, and
hydrogen bonds to the ligands are shown as dashed lines. The 2m|
Fo|−D|Fc| electron density map of the ligand and water molecules,
contoured at 1.0 σ, is shown as a gray mesh. Carbon atoms of the R
ligand are colored red, while those of the S ligand are blue. Water
molecules that are within 5 Å of either ligand are represented as small
spheres. In panels A and B, water molecules are colored by B-factor,
on a spectrum from dark blue at 15 Å2 to bright red at 70 Å2. Water
molecules shown without electron density are visible at <1.0 σ, but are
poorly ordered. In panel C, water molecules belonging to R-galectin-
3C are colored red and those belonging to S-galectin-3C are colored
blue.
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well between the two complexes. The minor differences
observed could be due to the slightly different resolutions of
the two complexes. For the RHS the different conformations of
the ligands result in more distinct water structures.
Chemical Shift Mapping of Ligand Binding. Chemical

shift assignments of R-galectin-3C and S-galectin-3C were
based on a HNCACB experiment and the apo galectin-3C
assignments reported previously.4,5 Minor chemical shift
differences are observed for the backbone amides throughout
the protein; the RMS chemical shift difference between the
ligand-bound and apo forms of galectin-3C in the 1H and 15N
dimensions are 0.06 and 0.30 ppm for R-galectin-3C (Figure
S3A) and 0.05 and 0.26 ppm for S-galectin-3C (Figure S3B).
The methyl chemical shifts show changes similar to those of
the backbone, with RMSDs of 0.03 ppm (1H) and 0.1 ppm
(13C) for S-galectin-3C, and 0.04 and 0.1 ppm for R-galectin-
3C. The largest chemical shift changes induced by ligand
binding are observed for residues in close proximity to the
ligand in the crystal structure (Figure S3C), demonstrating
that the binding mode observed in the crystal structure is
maintained in solution.
Significant chemical shift differences between the R- and S-

galectin-3C complexes are observed in the binding site (Figure
4). The overall chemical shift RMSD is 0.02 and 0.14 ppm for

backbone 1H and 15N, respectively, and 0.04 and 0.02 ppm for
methyl 1H and 13C, respectively. Two methyl groups, Val170γ1
and Val172γ1, show a weighted chemical shift difference
greater than 0.05 ppm between the two complexes.
Furthermore, the 1H and 15N chemical shifts of the Arg162
and Arg186 guanidine groups differ between the two
complexes. In both cases, the 1H chemical shift is greater in
R- than in S-galectin-3C, suggesting that the NHε atom forms
a stronger hydrogen bond or that the population of hydrogen
bonded conformations is greater in the R-complex. These four
side chains are located closely together and in proximity of the
stereocenter of the ligand. Notably, chemical shift differences
are also observed in regions of the protein where the average

structures are virtually identical between the two complexes,
such as the backbone amides of Leu147 and Phe159, which
form a pair of NH−CO hydrogen bonds. This observation
indicates that subtle differences exist in the conformational
ensembles sampled by the two complexes, a topic that we
address in more detail below.

Ensemble Refinement of Crystal Structures High-
lights Differences in Flexibility. To investigate the
conformational mobility of each complex in the crystal we
carried out ensemble refinement of the structure against the X-
ray diffraction data.36 The resulting ensembles yield Rfree =
0.1709 and R = 0.1358 for R-galectin-3C, and Rfree = 0.1625
and R = 0.1339 for S-galectin-3C, values that are comparable
to those resulting from traditional refinement (Table S2).
The results indicate that the S diastereomer shows larger

fluctuations in the crystal than does R, due to a large variation
in the RHS sp3 dihedral angles, as shown in Figure 5. This
result agrees with the dual conformation of ligand S observed
in the traditionally refined crystal structure, although the
conformational variation is much greater in the ensemble
representation. In particular, the H-bond between the C2
hydroxyl group and Glu184 is broken in a much larger
proportion of the ensemble structures for S than for R. The
ensemble refinement also confirms that the R ligand stays in a
single conformation, although with some translational move-
ment of the RHS end.
The protein also exhibits variable flexibility. The side chains

of Asn160, Arg162, Glu165, and Arg186, which form hydrogen
bonds with both ligands, have well-defined positions, whereas
larger fluctuations are observed for Arg144, which interacts
through π−π stacking with the ligand phenyl ring at the LHS,
and Arg168, which does not interact with the ligand. Arg144
shows slightly greater amplitudes of motion in the R-complex,
in keeping with the difference in B-factors of the traditionally
refined structures. The great variability in the side-chain
orientation of Arg144 is also reflected by the NMR data (see
below). On the other hand, the ensemble-refined crystal
structure of S-galectin-3C shows higher fluctuations of several
parts of the protein, e.g., the Asn164−Arg168 loop region
(neighboring the RHS of the bound ligand), Lys138−Ala142,
and Pro113−Va118 (Figure 5, insets).
The resulting ensembles indicate that the S-galectin-3C

complex shows considerably higher mobility than does R-
galectin-3C, providing qualitative evidence that protein and
ligand conformational entropy is greater in S-galectin-3C. We
attempted to quantitate the entropy difference from the
ensembles, resulting in calculated values that were qualitatively
consistent with our other results; however, the estimated
standard errors were far greater than the difference between
the R- and S-complexes (data not shown).

Differences in Conformational Fluctuations Meas-
ured by NMR. We carried out a suite of NMR relaxation
experiments that probe conformational dynamics on the
picosecond to nanosecond time scale to yield the amplitudes
of conformational fluctuations in terms of order parameters,
denoted O2. We measured 15N backbone relaxation rates at
three static magnetic field strengths and methyl 2H relaxation
rates at two static magnetic field strengths. Out of 138 residues,
15N relaxation data could be measured for 101 and 100
backbone amides in R-galectin-3C and S-galectin-3C,
respectively. Likewise, out of a total of 85 methyl groups, 2H
relaxation rates could be measured for 65 and 47 methyl
groups in R-galectin-3C and S-galectin-3C, respectively. The

Figure 4. Chemical shift differences between the R- and S-galectin-3C
complexes. Residues with weighted chemical shift differences | Δδ(R
− S)| ≥ 0.05 ppm are highlighted in green on the structure of the R-
galectin-3C complex with ligand S superimposed. These include the
backbone amides of residues Leu147, Phe159, Cys173, Thr175, and
Arg186, as well as the methyl groups of Val170 and Val172 and
guanidine groups of Arg162 and Arg186, all located in the binding
site. Val172 is situated beneath the side chain of Arg162 in the view of
the figure.
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missing residues had cross-peaks that were overlapped or too
broadened to allow for quantitative analysis.
We characterized the amplitudes of conformational fluctua-

tions using the model-free formalism.87,88 The best-fit
rotational diffusion tensor is anisotropic with a correlation
time (τc) of 7.5 and 8.1 ns, anisotropy of 1.1 and 1.1, and
rhombicity of 0.9 and 1.2 for R-galectin-3C and S-galectin-3C,
respectively. The higher value of τc observed for S-galectin-3C
is fully explained by the slightly higher concentration of DMSO
in this sample, which increases the solvent viscosity.89,90

The backbone order parameters are very similar in the two
complexes; the mean values and standard deviations are ⟨O2⟩ =
0.85 ± 0.05 and 0.84 ± 0.05 for R-galectin-3C and S-galectin-
3C, respectively. A significant difference in O2 is observed for
residues Tyr118, Ile132, Ile171, Asp178, Arg183, and Leu242,
none of which is located directly in the binding site (Figure 6).

Figure 5. Ensemble refined X-ray crystal structures. Overlay of the
100 structures with the lowest Rfree generated by ensemble refinement
for (A) R-galectin-3C (red ligand) and (B) S-galectin-3C (blue
ligand). Insets: The protein backbone is displayed as a tube with a
diameter corresponding to the ensemble RMS fluctuations for all
atoms of that residue (the ligand is shown in its crystal structure
conformation).

Figure 6. NMR order parameters for R- and S-galectin-3C. (A)
Backbone O2 values. (B) Side chain O2 values for arginine 15Nε and
methyl axes. Data for R- and S-galectin-3C are shown in red and blue,
respectively. Gray bars indicate residues in contact with the ligand
(residues for which any backbone amide atom or methyl atom is
within 5 Å of any ligand atom). (C) Scatter plot comparing the
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This result indicates that the different stereochemistry of the
ligand and the associated differences in protein conformation
affect the amplitudes of backbone fluctuations at remote
locations. Backbone order parameters are relatively low in the
loop regions at the top of the structure in the view of Figure 6.
There is also a difference in order between the two complexes
with O2 being higher for the R-complex. Both of these
observations agree well with the ensemble-refined crystal
structures.
The order parameters for the methyl-bearing side chains

vary significantly over the protein (Figure 6B,C). However, the
differences between the two complexes are overall small, except
for residues Val127, Ile132, Val172, Val189, Ala216, Leu228,
and Ile231, which show |ΔO2(R − S)| > 0.10; Figure S4A
shows the distribution of ΔO2(R − S). Out of these residues,
only Val172 is located in the binding site, next to the
stereocenter of the bound ligand. The side chain of Val172
shows a greater degree of freedom in the R-galectin-3C
complex. The mean values and standard errors of the mean for
the methyl-axis order parameters are ⟨O2⟩ = 0.68 ± 0.02 and
0.64 ± 0.03 for R-galectin-3C and S-galectin-3C, respectively,
when calculated over all residues, and ⟨O2⟩ = 0.66 ± 0.03 and
0.65 ± 0.03, when calculated over those residues for which
data are available for both complexes.
Arginine side chains play a special role in ligand

coordination by galectin-3C. Arg144, Arg162, and Arg186
form close interactions with the ligand (cf. Figure 3). However,
the side-chain guanidine group of Arg144 is not observed in
the NMR spectra, presumably as a consequence of
intermediate exchange between alternative positions. This
result is in agreement with the ensemble-refined crystal
structures, in which Arg144 shows extensive flexibility. The
fact that Arg168, which also is highly variable in the structure
ensembles, is observed in the NMR spectra indicates that this
side chain undergoes dynamic averaging on a faster time scale
than does Arg144.

15Nε side-chain order parameters could be measured for 5
out of 9 arginines. Arg162 and Arg186, which interact with the
bound ligands, have O2 values (0.78−0.81) that are higher than
the average value of the guanidine groups and only slightly
lower than the average value of the backbone. However, there
is no significant difference in O2 between the R- and S-
complexes for these two side chains. Only Arg129 and Arg224
show minor differences between the two complexes, |ΔO2(R −
S)| of 0.09 and 0.04, respectively (Figure 6B), and both of
these residues are located peripherally to the binding site.

Order parameters derived from relaxation measurements
report on conformational entropy due to fluctuations with
correlation times shorter than τc. To investigate whether there
are motions occurring on slower time scales, we performed 15N
CPMG relaxation dispersion experiments, which sample
motions on the 100 μs to 100 ms time scales.45 In both the
R- and S-bound states, a single residue, Val189, exhibits
conformational exchange. The exchange rate is identical,
within error: kex= 6300 ± 1300 s−1 (R) and 4900 ± 300 s−1

(S), indicating that there are no major differences between the
two complexes in the extent of conformational sampling on
this time scale.

Differences in Conformational Fluctuations Deter-
mined by MD Simulations. To complement the information
on conformational fluctuations obtained via NMR order
parameters for the backbone, guanidine- and methyl-bearing
side chains, we performed MD simulations that probe the
intramolecular dynamics of all parts of the protein and ligand.
Since the crystal structures of the ligand−galectin-3C
complexes show two conformations of S, we initiated separate
MD simulations for the two conformers. We validated the MD
simulations by comparing order parameters calculated from the
MD trajectories with those measured by NMR. There is
reasonable, but variable, residue by residue agreement between
the backbone O2 values determined by NMR and MD for each
complex. The RMSD is 0.05 in all 3 comparisons (Figure
S4B,C), which is on par with previous results for other
proteins.65,91

We studied how the conformation of the ligand varied in the
MD simulations by following the dihedral angle representing
the orientation of the RHS phenyl ring. In each of the three
trajectories, the ligand samples a unimodal and equally wide
(∼50°) distribution of the dihedral, indicating that the rotation
barrier is high enough that the ligand does not change
conformation on the nanosecond time scale.

Conformational Entropy Differences Estimated by
NMR. On the basis of the experimental order parameters, we
estimated the difference in the conformational entropy
between the two complexes, see eqs 1−2. Despite the average
values of O2 being highly similar for the two complexes,
residue-specific differences lead to a significant difference in
backbone conformational entropy between galectin-3C in the
R- and S-bound states, −TΔΔSbb(R − S) = 17 ± 5 kJ/mol. By
contrast, the corresponding result for the methyl-axis O2 is not
statistically significant: −TΔΔSsc(R − S) = −5 ± 6 kJ/mol.
Taken together, the NMR order parameters yield an estimate
of −TΔΔSbb+sc(R − S) = 12 ± 8 kJ/mol, indicating that
galectin-3C in the R-bound state has lower conformational
entropy than in the S-bound state (Table 2). That is, the
conformational entropy difference between the two complexes
has the same sign as, but a greater magnitude than the
difference in total entropy, −TΔΔS°(R − S), obtained by ITC,
suggesting that the conformational entropy makes a significant
contribution to the overall binding thermodynamics. It should
be noted that the NMR-based estimate, −TΔΔSbb+sc(R − S),
covers only a subset of the dihedral angles in the protein.
However, it serves as a useful reference for validating the MD
simulations, which provide the total conformational entropy of
both galectin-3C and the bound ligand.
We also used the empirically calibrated approach,60

embodied in eq 3, to estimate the change in the total
conformational entropy of the protein. The results yield
−TΔΔSconf(R − S) = 16 ± 14 kJ/mol, suggesting, as might be

Figure 6. continued

methyl-axis O2 values for R- and S-galectin-3C presented in panel B.
The straight line with slope of 1 is drawn to guide the eye. (D) ΔO2

color coded onto the R-galectin-3C structure with ligand S
superimposed. Residues with ΔO2(R − S) > 0 are colored blue,
while those with ΔO2(R − S) < 0 are colored red. The intensity of the
color scales with the magnitude of ΔO2 from red via pink to white
(−0.1 ≤ ΔO2(R − S) < 0) and from white via light blue to dark blue
(0 < ΔO2(R − S) ≤ 0.1). Residues for which no data are available are
colored white. Side chains are shown in stick representation for
residues with a difference in side-chain order parameters of |ΔO2(R −
S)| > 0.05, and labeled residues have |ΔO2(R − S)| > 0.1. Backbone
and side-chain ΔO2 are represented by the color of the tube and
sticks, respectively. The width of the tube indicates the average
backbone O2 values in the two complexes: a wider tube indicates a
lower order parameter and vice versa.
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expected, that −TΔΔSbb+sc underestimates the change in total
conformational entropy (Table 2).
Conformational Entropy Differences Determined by

MD. We calculated the conformational entropy of galectin-3C
and the bound ligands in both complexes, using dihedral angle
distributions from the MD simulations.4,63 Table 2 shows the
difference in conformational entropy between the two
complexes. For both complexes, the dihedral flexibility of
galectin-3C decreases upon ligand binding (Table S3). The
effect yields a change in conformational entropy, −TΔSconf, of
86 ± 5 kJ/mol and 74−75 ± 5 kJ/mol for the protein in the R-
and S-bound states, respectively (separate MD simulations
were initiated from the two conformations of S observed in the
crystal structure and these resulted in entropies that agree
within 1 kJ/mol). Comparing directly with the NMR-based
estimate of conformational entropy associated with the
backbone and methyl-bearing side chains, −TΔΔSbb+sc(R −
S) = 12 ± 8 kJ/mol, the corresponding value obtained by MD
is 8 ± 3 kJ/mol (Table 2).
The decrease in entropy is greatest for Arg186 in both

complexes (−TΔSconf = 8−9 kJ/mol). This residue forms
hydrogen bonds with Glu184, which interacts with both
ligands R and S, and shows the second largest decrease in
entropy when ligand S binds (−TΔSconf = 4 kJ/mol), but a
rather small decrease upon binding ligand R (−TΔSconf = 1 kJ/
mol). Arg144 also gives a rather large negative entropy
contribution upon binding either ligand (−TΔSconf = 3−4 kJ/
mol). Ile171 gives a large contribution (−TΔSconf = 4 kJ/mol)
when binding S, but smaller when binding R (1 kJ/mol). This
difference is also observed in the backbone O2 determined by
NMR (Figure 6), whereas there is no significant difference
between the two complexes in the methyl-axis O2 values for
this residue, whose side chain is oriented away from the
binding site. However, the NMR data reveal greater flexibility
in the R-complex for the side chains of the neighboring
residues Val170 and Val172, which are both oriented toward
the binding site. Significantly increased conformational entropy
is observed for 3−5 of the residues upon ligand binding, with
the largest contribution coming from Asp148 (−TΔSconf = −1
kJ/mol).
The total conformational entropy of the protein is greater

for S-galectin-3C than for the R-complex, −TΔΔSconf(R − S)
= 11 ± 5 kJ/mol (taking into account both MD trajectories for
S-galectin-3C), which is statistically significant at the 95% level.
This result agrees well with the estimate obtained from NMR
methyl-axis order parameters, −TΔΔSconf(R − S) = 16 ± 14
kJ/mol, which implicitly includes the effects of correlated
motions and motions on time scales greater than τc. Thus, the

general agreement supports the conclusion from MIST
calculations that effects from correlated motions are minor,
and further suggests that slower motions have no major
bearing on ΔΔSconf in keeping with the relaxation dispersion
data.
The difference between complexes arises from small

contributions from many residues (Figure 7). At the level of

individual residues, 22−23% show a statistically significant
contribution with the same sign as the total difference, whereas
9−11% show the opposite behavior. Among the latter, the
largest contributions (−3 kJ/mol) come from Ile171 and
Glu184 (Figure 7).
The change in conformational entropy of the ligand upon

complex formation is −TΔS = 24 ± 1 kJ/mol and 25−26 ± 1
kJ/mol for R- and S-galectin-3C, respectively. The difference
between R and S is not statistically significant, neither in the
bound nor in the free states. The indistinguishable conforma-
tional entropy of the free ligands is in line with the expectation
that they should have nearly identical chemical potential in the
free state, based on their diastereomeric relationship.
We used the MIST approach82,83 to investigate whether

correlated motions affect the estimates of conformational
entropy. The results show that the effect of correlation on
−TΔΔSconf(R − S) is minimal, with 1 kJ/mol difference
between the first- (without correlation) and tenth-order (with
correlation) approximation. Thus, correlations are highly
similar in the two states, in agreement with previous results
for other proteins.92

Thus, taking into account the results for both ligand and
protein, the difference in conformational entropy between the
two complexes, −TΔΔSconf(R − S) = 10 ± 5 kJ/mol, is slightly
greater than the difference in the net binding entropy,
−TΔΔS°tot(R − S) = 3 ± 1 kJ/mol, indicating that protein
conformational entropy makes a dominant contribution to
ΔΔG°tot(R − S). Note that we have designed this comparative

Table 2. Conformational Entropy Differences between R-
and S-Galectin-3C

method −TΔΔS (kJ/mol)

NMR backbone + methylsa 12 ± 8
MD backbone + methylsb 8 ± 3
NMR proteinc 16 ± 14
MD proteind 11 ± 5
MD protein + ligande 10 ± 5

aIncludes protein dihedrals of the backbone and methyl-bearing side
chains, calculated using eqs 1−2. bIncludes protein dihedrals of the
backbone and methyl-bearing side chains. cIncludes all protein
dihedrals, calculated using eq 3. dIncludes all protein dihedrals.
eIncludes all protein and ligand dihedrals.

Figure 7. Conformational entropy contributions to −TΔΔSconf(R −
S), reported per residue. −TΔΔSconf(R − S) is color coded onto the
galectin-3C structure with blue hues indicating −TΔΔSconf(R − S) >
0 and red hues indicating −TΔΔSconf(R − S) < 0, with the color
intensity ranging from weak (white) for TΔΔSconf = 0 to intense
(maximally blue or red) for |TΔΔSconf| = 2.8 kJ/mol. The width of the
tube indicates the average conformational entropy values per residue
in the two complexes: a wider tube indicates higher average
conformational entropy and vice versa. The figure is based on the
crystal structure of S-galectin-3C.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b11099
J. Am. Chem. Soc. 2019, 141, 2012−2026

2021

http://pubs.acs.org/doi/suppl/10.1021/jacs.8b11099/suppl_file/ja8b11099_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b11099


study in such a way that the only other contribution to the
entropy of binding should originate from differences in
solvation entropy of the two complexes, a topic we turn to
next.
Grid Inhomogeneous Solvation Theory Reveals Key

Differences in Solvation between the Two Complexes.
In the standard GIST protocols, sampling of water sites is
carried out while keeping the protein and ligand restrained.85,93

The present case, where the protein and ligand show
significant conformational fluctuations in the bound state,
presents a challenge to calculations of hydration thermody-
namics. We approached the problem by clustering trajectories
from the unrestrained MD simulations, which resulted in three
clusters for ligand R and four clusters for ligand S (two clusters
for each of the two sets of unrestrained MD simulations in the
latter case). The subsequent solute-restrained MD simulations,
started from each of the clusters for R-galectin-3C and S-
galectin-3C, reveal differences in their hydration thermody-
namics (Table 3). Figure 8 affords an overview of water sites,

i.e., regions with higher density than bulk water, surrounding
the bound ligands. Overall, the distributions of highly
populated water sites are similar in the two complexes
(compare Figures 8A and 8B) and agree well with the crystal
structures. However, the close-up view in Figure 8C reveal
subtle differences in water positions, especially in the RHS
region, where the two structures differ the most. Water
molecules in the crystal structures with a low B factor overlap
well with the highly populated water sites from the GIST
analysis, whereas the overlap is poorer for water molecules with
a higher B factor (Figure S5). Those GIST water densities also
have a less spherical shape, indicating a larger mobility of the
water structure.
There is a large difference in solvation enthalpy, which is

compensated by protein−protein and protein−solvent en-
thalpies (outside the grid) that are large and hard to estimate
accurately, whereas the difference in protein−ligand inter-
action energies between the R- and S-complexes is modest.
Thus, we conclude that the higher binding affinity for the R
diastereomer includes a contribution from favorable hydration
enthalpy that is dominated by solute−water interactions
around the binding site.
Focusing next on solvent entropy, we note that the

difference between the two complexes amounts to only
−TΔΔSsolv(R − S) = 3 ± 2 kJ/mol. Although barely

significant, the entropic contribution from solvation appears
to add constructively to the conformational entropy
(−TΔΔSconf(R − S) = 10 ± 5 kJ/mol). Arguably, this result
is intuitive, as greater disorder in the protein and ligand
conformations might be expected to translate to the
surrounding water molecules. However, the opposite behavior
has also been observed in MD simulations of other systems.11

Table 3. Solvation Thermodynamics from GIST
Calculationsa

complex R-galectin-3C S-galectin-3C difference (R − S)

−TΔSrot 398.8 ± 0.6 397.7 ± 1.3 1.2 ± 1.5
−TΔStrans 319.3 ± 0.4 317.4 ± 0.3 1.9 ± 0.5
−TΔSsolv 718.1 ± 0.9 715.0 ± 1.4 3.1 ± 1.6
ΔHs−w −2914.1 ± 2.0 −2805.4 ± 1.1 −108.7 ± 2.3
ΔHw−w −12813.8 ± 2.0 −12877.0 ± 2.0 63.2 ± 2.9
ΔHsolv −15727.9 ± 2.3 −15682.4 ± 2.2 −45.5 ± 3.2
ΔGsolv −15009.7 ± 1.8 −14967.3 ± 2.7 −42.4 ± 3.3

aRotational, ΔSrot, and translational, ΔStrans, entropy as well as the
solute−water interaction energy, ΔHs−w, and water−water interaction
energy, ΔHw−w, of the studied region, shown relative to bulk water.
ΔSsolv = ΔSrot + ΔStrans, ΔHsolv = ΔHs−w + ΔHw−w, and ΔGsolv =
ΔHsolv −TΔSsolv. All terms are in kJ/mol. Reported uncertainties are
the standard errors over the ten independent MD simulations.

Figure 8. Differences in solvation around the binding site. Regions
with high density of water relative to bulk water (six times the bulk
water density) are represented as (A) red mesh for R-galectin-3C and
(B) blue mesh for S-galectin-3C. (C) Close-up view of the binding
site with the R- and S-complexes superimposed. For clarity, only the
highest-occupancy clusters are shown for R and S (both
conformations in the latter case) in panel C. See the text for details.
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The net contribution from conformational and solvent
entropy, −TΔΔSconf+solv(R − S) = 13 ± 5 kJ/mol, is greater
than the overall entropy difference determined by ITC,
−TΔΔStot(R − S) = 3 ± 1 kJ/mol (Figure 9), but the

difference is not significant at the 95% confidence level. Taken
together, the present results indicate that conformational
entropy dominates over solvation entropy in determining the
difference in binding entropy between the two ligand−galectin-
3C complexes. It remains an open question to what extent
these results are general, but we surmise that the relative
contributions from conformational entropy and solvent
entropy are highly system dependent.
Galectin-3 has a relatively exposed and solvent-accessible

binding site, which engages numerous water molecules, a
feature that certainly contributes greatly to the present results.
It would be of great interest to carry out future research to
investigate other proteins with different types of binding sites,
e.g., those that are less solvent accessible.12

■ CONCLUDING REMARKS
We have carried out a comparative analysis of ligand binding to
galectin-3C using two diastereomeric ligands and a range of
experimental techniques combined with computational
methods. This approach has the important advantage that
any differences in the thermodynamics of the two binding
processes can be related to the bound state, while the
contributions from the free states are expected to cancelas
borne out by the present results. Thus, on the basis of this
experimental design, we were able to dissect the thermody-
namics underlying the difference in ligand affinity.
The two ligands exhibit closely similar free energies of

binding, as might be expected for diastereomers. However, the
pair exhibits enthalpy−entropy compensation, so that the two
complexes still manifest meaningful differences in both binding
enthalpy and entropy that we investigated to pinpoint the
driving forces underlying the thermodynamic signatures of
binding. Our results demonstrate that the enthalpy−entropy
compensation involves interplay between the protein and
solvent degrees of freedom. GIST analyses of MD trajectories
indicate that the difference in enthalpy includes a sizable
contribution from solute−water interactions in favor of the R-
galectin-3C complex. This contribution is counteracted by a
difference in conformational entropy of the protein and a

minor entropic component from the solvent that both favor
the S-galectin-3C complex. Thus, conformational entropy
dominates over solvation entropy in determining the difference
in binding entropy between the two stereoisomers.
The sum of the conformational and solvation entropies,

determined by NMR, MD simulations, and GIST calculations
has the same sign as, but is greater than, the total entropy of
binding, determined by ITC. Thus, the individual estimates of
conformational and solvent entropy correctly identify which
protein−ligand complex is favored, but the remaining deviation
of ΔΔSconf+solv from ΔΔStot suggests room for further
methodological refinements.
The combination of high-resolution crystal structures,

analyzed by ensemble refinement, NMR relaxation data, and
MD simulations enable us to examine the structural origin of
the thermodynamic differences outlined above. Differences in
the interactions involving the hydroxyl group at the stereo-
center of the diastereomers apparently lead to conformational
strain and more pronounced conformational fluctuations in the
S-stereoisomer at the RHS of the binding site, which couple
with increased fluctuations of the surrounding protein. These
results reinforce the notion that structure-based ligand design,
when guided solely by static X-ray structures, addresses only
one part of the picture and might be misleading.
In a broader perspective, improved knowledge about the

sensitive interdependence of solvent entropy and protein
conformational entropy adds to our understanding of
molecular recognition. The phenomenon indicates both
opportunities and challenges in rational drug design. On the
one hand, contributions from solvation entropy to the free
energy of binding are well-known, and the present results
reiterate the concept of targeting individual water sites to
achieve increased binding affinity.12,94 On the other hand,
efforts to design ligands that perturb the solvent structure
around the binding site might not achieve the expected result
due to changes in conformational entropy of the ligand and
protein, as exemplified herein.
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