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ABSTRACT: The stability of proteins involves a critical balance of interactions of different orders of magnitude.
In this work, we present experimental evidence of an increased thermal stability of galectin-1, a multi-
functional β-galactoside-binding protein, upon binding to the disaccharide lactose. Analysis of structural
changes occurring upon binding of lectin to its specific glycans and thermal denaturation of the protein and
the complex were analyzed by circular dichroism. On the other hand, we studied dimerization as another
factor that may induce structural and thermal stability changes. The results were then complemented with
molecular dynamics simulations followed by a detailed computation of thermodynamic properties, including
the internal energy, solvation free energy, and conformational entropy. In addition, an energetic profile of the
binding and dimerization processes is also presented. Whereas binding and cross-linking of lactose do not
alter galectin-1 structure, this interaction leads to substantial changes in the flexibility and internal energy of
the protein which confers increased thermal stability to this endogenous lectin. Given that an improved
understanding of the physicochemical properties of galectin-glycan lattices may contribute to the dissection
of their biological functions and prediction of their therapeutic applications, our study suggests that galectin
binding to specific disaccharide ligands may increase the thermal stability of this glycan-binding protein, an
effect that could influence its critical biological functions.

The stability of a protein depends on the subtle balance
between interactions and conformational dynamics taking place
in the native state and those operating in the unfolded state of
the molecule. The energetic and entropic contributions of these
factors in both states are thousands of kilocalories per mole at
room temperature, while the preference of the native state is in the
10 kcal/mol range, evidence of a subtle equilibrium (1). A number
of parameters, such as pH, temperature, reducing conditions,
oligomerization state, and ligand binding, may alter the balance
of these interactions, leading to substantialmodulation of protein
stability (1, 2).

To accomplish their demanding tasks in living cells, proteins
must interact specifically with other molecules, including lipids,
nucleic acids, and carbohydrates, that in some cases significantly
influence their stability (3). Recent studies clearly illustrated this
concept as naturally glycosylated proteins in which polysacchar-
ides are attached to specific amino acid side chains showed
changes in their structural stability (4). Noncovalent interactions
of proteins with small ligands may also result in enhanced protein
thermal stability because of the coupling of binding and unfolding

equilibria (5-10). In general, as ligands bind preferentially to the
native state of a protein, an increase in thermal stability due to
ligand binding may represent simply an example of Le Chatelier’s
principle (11). In some cases, however, binding of the ligand alters
the protein structure, with a concomitant additional increase
in protein stability (12). An interesting case occurs when the
increased stability induced by ligand binding decreases protein
flexibility, because of a change in packing density. This decrease in
protein flexibility is expected to result in an entropic penalty for the
ligand-bound native state, increasing its free energy compared to
that of the unfolded state (6). Although the thermodynamics of
this process has been largely studied, it is still poorly understood.

Galectin-1 (Gal-1),1 an evolutionarily conserved glycan-bind-
ing protein with specificity for N-acetyllactosamine-containing
N- andO-glycans (Figure 1), is composed of 134 amino acids that
coexist in a dynamic monomer-dimer equilibrium (13). This
endogenous lectin has been proposed to play a key role in a broad
spectrum of biological processes, including inflammation, im-
munity, neuronal processes, angiogenesis, and tumor progres-
sion (14). Probably, the most studied functions relate to the
ability of this glycan-binding protein to control innate and
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arranged in a tightly folded conserved β-sandwich structure
formed by a six-strand sheet (S1-S6) in the concave side where
the ligand binds to a five-strand sheet (F1-F5) in the convex
side (18). Gal-1 binds to its carbohydrate ligands through a
conserved groove known as the carbohydrate recognition do-
main, corresponding to a region spanning amino acids 44-71.
The main interactions, involving both hydrophobic and hydro-
gen bond networks, are established specifically by the residues
histidine 44, asparagine 46, arginine 48, histidine 52, asparagine
61, tryptophan 68, glutamate 71, and arginine 73 (18, 19).

In addition to extensive analysis of its biological functions,
galectin-1 has been extensively studied with regard to its glycan
binding properties (18, 20-22). In fact, a recent study proposed
that the galectin-1 monomer-dimer equilibrium can regulate the
sensitivity of this lectin to oxidative inactivation, thus providing
a mechanism whereby the ligand partially protects galectin-1
from oxidation, with critical effects on the functionality of this
protein (23). Moreover, a number of studies have shown that
oxidation of galectin-1 substantially alters its structure, an effect
that is dependent on the oligomerization and binding state of the
protein (19, 24). Taken together, these data suggest that galectin-
1 dynamics may be substantially altered during the course of
ligand binding and dimerization, yet the molecular basis under-
lying this process remains uncertain.

In this study, we analyzed the impact of ligand binding and
dimerization on the structure and relative stability of galectin-1
by combining experimental and computer simulation-based
approaches, namely, circular dichroism spectroscopy and mole-
cular dynamics simulations.While experimental techniques allow
a detailed characterization of the phenomenon, MD simulations
provide a microscopic rational explanation for the observed
effects.

MATERIALS AND METHODS

Preparation of Recombinant Gal-1. Recombinant human
Gal-1was obtained as described previously (25). Briefly,Escherichia
coli BL21(DE3) cells were transformed with a plasmid containing
theLgals1 gene inserted into expression vector pET (Novagen), and
production of recombinant Gal-1 was induced at the log phase by
the addition of 1 mM isopropyl β-D-thiogalactoside. Cells were
separated by centrifugation, washed, and disrupted by sonication.
Debris was separated by centrifugation at 10000g, and soluble
fractions were obtained for subsequent purification by affinity
chromatography on a lactosyl-Sepharose column (Sigma-Aldrich).

The purification procedure was performed essentially as described
previously (26). BecauseGal-1 has unpaired cysteines in the binding
site that can form intramolecular disulfide bonds in the absence of
carbohydrate binding, reducing in this way its biological activity, we
stored recombinant human Gal-1 in buffer containing 2-mercapto-
ethanol as described previously (27).

For all the experiments described below, Gal-1 was used at a
concentration of 0.5 mg/mL in a 1� PBS solution, which yields a
protein concentration of 35 μM in the samples. At this concen-
tration, protein is expected to be in a dimeric form (21). Samples
of Gal-1-Lac conjugate were prepared by addition of lactose to
the medium to a final concentration of 10 mM. Considering the
value of the Gal-1 affinity constant for lactose reported at room
temperature (Kb = 3.25 � 103 M-1) (18), the lactose concentra-
tion used ensures that most of the protein stays in its bound state.
As a negative control for experiments showing lactose bound to
Gal-1, we used the non-galactosyl terminal disaccharide sucrose.

A similar protocol was adopted for the production of the
N-Gal-1 mutant (mGal-1), which remains a monomer even at
high concentrations (28).
Circular Dichroism Spectroscopy. Circular dichroism

spectra were recorded using a Jacso J-815 spectropolarimeter
equipped with a Peltier termperature control. Spectra were
recorded using 1 mm path length polarimetrically certified cell
(Hellma).

It is important to note here that the calculation of the Tm

values for Gal-1 was dependent on initial conditions (incubation
time and solution age). Nevertheless, the standard deviations for
the calculated values were considerably small, and we will now
focus on the change in Tm rather than in their absolute values.
Molecular Dynamics Simulations. Gal-1 coordinates were

retrieved from Protein Data Bank entry 1W6N for the unbound
protein (X-ray, 1.65 Å resolution) and entry 1W6O for the Gal-1-
Lac complex. The C2S mutant (wild-type cysteine in position 2
replaced with a serine) was used, because of the availability of
crystallographic data for the mutant protein and the mutant
bound to different ligands (19, 20). In both cases, all crystal-
lographic water molecules were deleted, and a single subunit was
then solvated with three-site point chargemodeled (TIP3P) water
molecules in an octahedral box.

MD simulations were performed for both a single monomer
and the dimer using the AMBER 9 (29) package of programs,
with the PARM99 set of parameters (30) and the GLYCAM-04
parameters for carbohydrates (31).

The equilibration protocol consisted of performing 500-cycle
runs of minimization to remove initial unfavorable contacts,
followed by 100 ps simulations, duringwhich systemswere slowly
heated from 0 K to the desired temperature of 300 K. The
pressure was then equilibrated at 1 atm over 200 ps.

All simulations used the periodic boundary condition approxi-
mation and Ewald summation method with an 8 Å cutoff. The
SHAKE algorithm was applied to all hydrogen-containing
bonds. The MD simulations were performed at 300 K, using a
2 fs time step. All atoms in the simulated systems were allowed
motional freedom. Snapshots of the coordinates were saved
every 2 ps, over a total 50 ns of trajectory. The resulting 25000
instantaneous configurations saved on disk for each system were
then analyzed.
Calculation of Thermodynamic Parameters. Thermo-

dynamic parameters for both simulations were calculated using the
MM_PBSAapproach, implemented in theAMBER9package (32).
Energies were calculated from static decomposition of the MD

FIGURE 1: Representation ofGal-1 in its monomeric form, bound to
the disaccharide lactose (Protein Data Bank entry 1W6O). Alpha-
numeric labels indicate the six-strand sheet (S1-S6) and the five-
strand sheet (F1-F5) composing the monomer structure.
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simulations of the complex, combining molecular mechanical
energies with continuum solvent approaches. The molecular
mechanical energies were determined with the sander program
from AMBER and represented the internal energy (bond, angle,
and dihedral) and van der Waals and electrostatic interac-
tions (33). An infinite cutoff for all the interactions was used.
The electrostatic contribution to the solvation free energy was
calculated with a numerical solver for the Poisson-Boltzmann
method (34, 35), as implemented in sander (32).

Conformational entropy calculations were performed by
diagonalization of the Cartesian covariance matrix, by the
methods of Schlliter (36) and Andricioaei and Karplus (37).
Because the sampling in a molecular dynamics simulation
depends on the length of the simulation, the calculated entropy
also depends on the length of the trajectory used for the
calculation. To obtain a value not depending on the trajectory
length, we calculated the entropy for intervals ranging from 4 to
20 ns and fitted the entropy values to the following expression:

SðtÞ ¼ S¥ -R=t2=3

where S¥ corresponds to the entropywhen time approaches infinity
and R is an independent parameter. This procedure has been
previously described by Harris et al. (38). For the calculations, we
consideredonly the heavy atomsof all the aminoacid residues of the
protein, except three amino acid residues of both carboxyl- and
amino-terminal regions. This last consideration was taken into
account because of the high flexibility of the mentioned residues, as
well as their localization far from the CRD.

RESULTS

This section is organized as follows. First, experimental
evidence based on CD spectroscopy is presented, showing the
impact of lactose binding on Gal-1 structure and thermal
stability. Second, equilibrium MD simulations of Gal-1 (both
dimeric and monomeric forms) and the Gal-1-Lac complex are
analyzed in association with microscopic changes induced by
ligand binding and dimerization, followed by a comparative
thermodynamic analysis of the corresponding Gal-1 states.
Effects of Lactose Binding and Dimerization on Gal-1

Structure and Thermal Stability As Determined by Circu-
lar Dichroism.We began the study of ligand binding effects on
Gal-1 structure and thermal stability bymeasuring CD spectra of
Gal-1 in different buffer solutions. The corresponding CD
spectra at room temperature are shown in Figure 2.

The general appearance of theGal-1 spectrum is dominated by
peptide secondary structures, with a broad and negative peak
around 216 nm. The signals observed are indicative of β-sheet
components (39), as expected for the Gal-1 secondary structure
reported by X-ray crystallography (18). Similar overall spectra
are observed for Gal-1 in buffer, Gal-1 in a 10 mM lactose
solution, and Gal-1 in a 10 mM sucrose solution. Nevertheless, a
more detailed inspection of the CD spectra reveals a slight
difference in the intensity of the band for Gal-1 in a lactose
solution when compared to buffer or sucrose solutions. This last
fact may be indicative of the formation of the Gal-1-Lac
complex, and a consequent subtle change in protein structure.
Such a change is not observed in the spectrum for Gal-1 in a
10 mM sucrose solution, indicating that the difference may be
attributable to the specific interaction between Gal-1 and its
ligand, and not as a consequence of the presence of the
carbohydrate in the buffer solution, which is known to alter
solution properties, such as viscosity.

In a set of experiments, thermally induced structural perturba-
tions were investigated for Gal-1 based on CD spectra. A typical
perturbation protocol was adopted, consisting of successive
incubations of the protein solution at increasing temperatures
during the spectroscopic measurement. The apparent midpoint
transition (Tm) was defined as the temperature at which the
intensity of the spectral feature falls to half of its initial value. The
spectral feature measured here is the intensity of the band
centered at 216 nm. Results are shown in Figure 3. The observed
spectral changes are consistent with those expected for the
melting of a β-sheet structure and the formation of an unfolded
peptide, as previously reported (39, 40).

Further heating resulted in a more pronounced lost of
secondary structure and a consequent decreased intensity for
the band centered at 216 nm. Parameters were optimized by
fitting the corresponding equation to the experimental data,
leading to Tm values of 338 K for Gal-1 (or Gal-1 in a sucrose
solution) and 341 K for Gal-1 in a lactose solution (standard
deviation <0.2 K).

To rule out the possibility that increased thermal stability
could arise from a nonspecific effect exerted by the carbohydrate,
we analyzed the effect of temperature on the Gal-1 structure
when adding a non-galactosyl terminal sugar, such as sucrose. As
shown inFigure 3, the calculatedTm derived from the curve upon
addition of sucrose shows no effect on Gal-1 thermal stability,
supporting the idea that the observed effect of lactose is in fact
due to the specific binding to the lectin and not to the simple
presence of a sugar in solution.

FIGURE 2: CD spectra of Gal-1 (black), the Gal-1-Lac complex
(red), and Gal-1 in a sucrose solution (blue) at 298 K.

FIGURE 3: Fractional change in intensity of the 216 nm signal with
respect to the incubation temperature of Gal-1 (black), the Gal-
1-Lac complex (red), and Gal-1 in a sucrose solution (blue).
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As mentioned in the introductory section, Gal-1 coexists in a
monomer-dimer equilibrium. Therefore, and with the purpose
of dissecting ligand binding from possible dimerization effects on
Gal-1 CRD, we performed the same analysis for the monomeric
Gal-1 (mGal-1). The corresponding results are shown inFigure 4.
Adjustment of parameters after fitting the corresponding func-
tions yields values of 327 and 333K (standard deviation<0.7K)
for mGal-1 and the mGal-1-Lac complex, respectively. Again,
the addition of sucrose to the medium does not provide any
difference with respect to the solution without it.

To test the reversibility of the thermal perturbation of the
protein, we measured spectra after cooling the solutions to the
reference temperature of 298 K. The spectrum at the high temp-
erature reveals a lack of defined secondary structure, while the
spectrum taken back to 298 K does not reproduce the original
spectrum, revealing the irreversible nature of the thermal
denaturation of the protein (data not shown).
Analysis of Gal-1 and the Gal-1-Lac Complex by MD

Simulations. In search of an explanation for the observed
increased thermal stability, and with the aim of providing
microscopic insights into the structural changes that overcome
to Gal-1 CRD upon ligand binding and dimerization, we
performed MD simulations for both mGal-1 and the mGal-
1-Lac complex, and for dimeric Gal-1. For each protein state,
we performed a 50 ns equilibrium MD simulation. The root-
mean-square deviation (rmsd) versus time plots for all systems
(presented in the Supporting Information) show that after proper
equilibration the systems remain stable during the time scale of
our simulation. In addition, the rmsd for the ligand heavy atoms
showed that for Gal-1-Lac complexes the carbohydrate remains
in the same position during the whole simulation time.

To analyze the effect of lactose binding on mGal-1 dynamics
and flexibility, we first computed the root-mean-square fluctua-
tion (rmsf) versus residue plot for bothmGal-1 andmGal-1-Lac
ensembles. Results are shown in Figure 5.

As shown by the plots depicted in Figure 5, the overall
flexibility of the protein is low (<2 Å) in most regions and
similar in both cases,whichmaybe taken as an indication that the
general flexibility of the protein remained unchanged upon ligand
binding. Although the B factor values in the Protein Data Bank
files would be indicative of flexibility, in the cases being studied,
crystal packing effects may be responsible for the lack of
significant differences for the desired analysis.

There are, however, some particular regions where the mGal-1-
Lac complex has a significantly reduced mobility. These corres-
pond to the Gal-1 CRD (amino acids 44-73), a β-turn between
strands S5 and S6 (residues 62-65), an unordered region between
strands S6 and F3 (residues 77-81), and the β-turn between
strands F3 and F4 (residues 101-103), better shown in the
protein structure representation in Figure 1. All these regions
exhibited significantly reduced fluctuations when lactose bound
to the protein (Figure 5). Interestingly, these regions are all
located in or near the ligand binding groove of the protein, which
is the region involved in the binding of the saccharide. Also,
particularly interesting was the significant change in the rmsf of
histidine 52. The reason for the latter is the change in the side
chain flexibility of the His involved in ligand binding (shown in
the Supporting Information). The ring flipping was frequent in
the unbound state, while in the ligand-bound condition, just a few
flipping events were observed.

Thus, while only minor changes are observed in the whole
rmsf, a loss of flexibility is mainly observed in this restricted area.

We now analyze the rmsf of dimeric Gal-1 compared to that of
monomeric mGal-1 (Figure 6). Because in the dimer two mono-
mers are simulated, in the presented rmsf versus residue number
plot the average values between both monomers in the dimer

FIGURE 4: Fractional change in intensity of the 216 nm signal with
respect to the incubation temperature of monomeric mGal-1 (black),
the mGal-1-Lac complex (red), and mGal-1 in a sucrose solution
(blue).

FIGURE 5: Root-mean-square fluctuations (rmsf) per amino acid
residue considering all heavy atoms, of both mGal-1 (black) and
the mGal-1-Lac complex (red), for the total simulation time. The
last three residues of the amino and carboxyl termini are not shown.
Regions with high variation between both traces are denoted as
follows: CRD, carbohydrate recognition domain; a, β-turn between
strands S5 and S6 (residues 62-65); b, unordered region between
strands S6 andF3 (residues 77-81); c,β-turn between strands F3 and
F4 (residues 101-103).

FIGURE 6: Root-mean-square fluctuations (rmsf) per amino acid
residue considering all heavy atoms, of both mGal-1 (black) and
dGal-1 (red), for the total simulation time. The last three residues of
the amino and carboxyl termini are not shown.
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structure are computed. As is evident in the plot, the rmsf values
for both systems present small but noticeable differences. In
general, regions corresponding to the loops are more flexible in
both systems. It is clear that the dimer structure ismore flexible in
the regions corresponding to the β-turn between strands F3 and
F4 (residues 101-103) and the unordered region between strands
S6 and F3 (residues 77-81). On the other hand, the mGal-1
structure presents a slightly increased flexibility for amino acids
51-54, which is the region involved in the recognition.
Calculation of Thermodynamic Parameters of Gal-1 and

the Gal-1-Lac Complex. To perform a thermodynamic
analysis of Gal-1 thermal stability in the presence or absence of
its specific ligand, and in the monomeric and dimeric form, we
computed the total potential energy and solvation free energy of
Gal-1 CRD in each state usingMM_PBSA, a continuum solvent
model implemented in Amber (32). Because of the nature of the
methodology employed, the total potential energy of each Gal-1
CRD system measures the internal interaction energy of the
protein considering as reference a system inwhich the nonbonded
interactions are measured with respect to isolated, quite sepa-
rated atoms along with strains in angles and bonds due to the
adoption of a given conformation. Even if the value itself has no
physical meaning, as will be shown below, comparison of values
for the same system (the CRD of Gal-1) in different situations
(bound states and oligomeric forms) is meaningful.

To analyze both the ligand binding and dimerization processes
in detail, we computed for each case (a) the intermolecular
interaction ΔEassoc energy between the Gal-1 and lactose (ΔCF)
in the complex or between the twomonomers in the dimer (Δdim)
and (b) the change in the solvation free energy as a consequence
of Gal-1-Lac association or formation of the Gal-1 dimer. We
should note hereby that the values calculated may be over-
estimated, a common flaw of the MM_PBSA method.

Finally, in search of an approximation to analyze the correspond-
ing entropic changedue to thepresenceof lactosebinding to theCRD
ofGal-1 (ΔSCF) or as a consequence of dimer formation (ΔSdim), we
performed entropy calculations for each system as presented in
Materials andMethods. Computed results are presented in Table 1.

Results listed in Table 1 show that ligand binding is energe-
tically driven. The cost of desolvating a highly hydrophilic
surface brings an important negative contribution to the solva-
tion free energy. However, this is overcompensated by the tight
interaction between a carbohydrate and a hydrophilic surface
in the protein. Interestingly, upon binding, the protein looses
conformational entropy (negativeΔS), since as expected from the
previous results, the binding of lactose to Gal-1 reduces protein
flexibility. Taken together, these results clearly show that ligand
binding stabilizes Gal-1 due to intermolecular interactions, over-
compensating for the entropic reduction, as well as the increase in
solvation free energy.

When we switch to the parameters calculated for the dimer-
ization process, it is evident that such a phenomenon is also
energetically driven. In this case, there is a large energetic (both
electrostatic and van derWaals components) contribution for the
system due to association of both monomers. This last contribu-
tion is responsible for the protein existing preferentially as a dimer
under physiological conditions. Nevertheless, a large change in
solvation energy is observed, as shown by a Poisson-Boltzmann
approximation for the association process. This issue may be
rationalized due to occlusion of a large amphiphilic surface (most
amino acids belonging to strands F1 and S1 participating in the
dimeric interface) that needs to be desolvated to allow the dimer to
be formed. With regard to the conformational entropy change in
the dimerization process species, it is surprisingly positive, showing
that CRD has more conformational freedom in the dimer state,
consistent with the rmsf results presented above.

DISCUSSION

Thermal Stability of Gal-1 and Ligand Binding. The
spectroscopic results show that Gal-1 is considerably stabilized
by the presence of lactose and as a consequence of dimerization as
shown by the obtained Tm values summarized in Table 2.

CD spectra showed that although both ligand binding and
dimerization have a modest perturbation effect on Gal-1 CRD
structure, both processes lead to increased thermal stability.

More interestingly, the stabilization provided by ligand bind-
ing and dimerization is additive to some extent, because different
increases inTm are observed for wild-type Gal-1 compared to the
Gal-1 monomer mutant. Dimerization produces the largest 11 K
increase in Tm, only minorly reduced (to 8 K) by the presence of
bound lactose. Ligand binding on its own increases Tm by 6 K in
themonomer and 3K in the dimer.While not drastic, the effect of
ligand binding on the Tm for both systems is still significant;
similar results have been observed in other biomolecules (41-43).
Results of experimental binding measurements have been pre-
viously provided for Gal-1 (18). However, those reported values
correspond to the binding process as a whole, and not to the
change in energy and entropy in the protein itself due to ligand
binding or dimerization. The data, consistent with our simula-
tion, show that ligand binding is enthalpically driven and a
relatively large entropic cost is paid.

Both dimerization and ligand binding effects, taken together,
increase theTm by 14 K. The incomplete additivity of the dimeri-
zation and binding effect on Gal-1 CRD structure may point
toward a partial overlap of the stabilization mechanism.

Another interesting issue involves the difference observed
in the temperature range over which denaturation occurs. A
detailed examination of Figures 3 and 4 makes evident the fact
that mGal-1 undergoes structural changes while being heated in
a temperature interval lower than that observed for wild-type
Gal-1, mainly starting in the dimeric state. This may point to a
different possible more complex unfolding mechanism in the
dimer compared to that of mGal-1.

Table 1: Thermodynamic Parameters Calculated for Formation of the

Complex during Ligand Binding (CF) or Dimerization (dim)a

ΔEassoc ΔGassoc
PB ΔS

ΔCF -76.6 52.1 -45.9

Δdim -291.8 229.9 19.5

aΔEassoc and ΔGassoc
PB are the differences in internal energy and solvation

free energy, respectively, for the association of Gal-1 with ligand or the
other monomer. ΔS is the change in entropy in a CRD subunit due to each
considered process. All energy values are in kilocalories per mole, and
entropy values are in calories per mole per kelvin.

Table 2: Melting Temperatures Obtained Experimentally of Unbound

Gal-1 in the Dimeric (dGal-1) and Monomeric (mGal-1) Forms and

Gal-1-Lac Complexes

system Tm (K) system Tm (K)

dGal-1 338 mGal-1 327

dGal-1-Lac 341 mGal-1-Lac 333
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On the other hand, the curves for Gal-1 (Figure 3) do not
appear to show any change in such a temperature range upon
ligand binding, whereas the ones for mGal-1 in Figure 4 denote a
slightly smaller temperature range for the change in structure for
Gal-1 than for the Gal-1-Lac complex.

All these last observations may be indicative of an increased
degree of cooperativity in the protein for the unfolding effect for
the case of mGal-1, while the process was not remarkably altered
in the case of dimeric Gal-1.
Thermodynamic Analysis of the Association among

Ligand Binding, Dimerization, and Unfolding Processes.
A subsequent qualitative thermodynamic analysis allows a
physicochemical rationalization of the observed stabilization
and provides a direct relationship among the measured Tm

values. The unfolding process can be described assuming a simple
two-state model:

Gal-1 ðnativeÞ T Gal-1 ðunfoldedÞ ð1Þ
The relation between the unfolding transition and the tem-

perature can be described as

ΔGU ¼ ΔEU -TΔSU ¼ ðEU -ENÞ-TðSU -SNÞ ð2Þ
where ΔGU, ΔEU, and ΔSU are the changes in free energy,
internal energy, and entropy upon unfolding, respectively, T is
the temperature of the system, EU and SU are the energy and
entropy of the unfolded state, respectively, andEN andSN are the
energy and entropy of the native state, respectively.

Taking mGal-1 as a reference system (from now on denoted
with a degree symbol), one can now analyze how ligand binding
and dimerization equilibria lead into an increase in Tm. The
thermodynamics can be described by equations in the Supporting
Information, leading to the following expression:

ΔT ¼ - ðΔE-T �
mΔSÞ

ΔS�
U -ΔS

ð3Þ

which relates the change in energy and entropy provided by the
ligand binding (or dimerization) process to the change inTm,ΔT.

Analysis of the equation shows that the denominator must
always be positive, because ΔSU� is the gain in entropy due to
unfolding in the unbound state and ΔS is the change in entropy
due to ligand binding (or dimerization), which is always negative.
Therefore, the sign and magnitude of the change in Tm will be
given by the numerator. In a careful look at the expression, we
can recognize that it is in fact the free energy of ligand dissocia-
tion at T = Tm� (or -1 � ΔG), but to observe an increase in
Tm� due to ligand binding, ligandmust be bound at Tm� ; therefore,
the dissociation free energy must be positive at this temperature.
In fact, ifΔG atTm� equals zero, ligand dissociation and unfolding
would happen together, resulting in Tm(L) = Tm� . Consequently,
to observe an increase in Tm due to ligand binding, the energetic
balance between the energy gained due to formation of the
protein ligand complex (ΔE), and the energy per degree due to
ΔS, must be big enough to allowa negativeΔG (Tm� ).Moreover, a
small ΔS will also favor a larger ΔT by reducing the lower term
in eq 3.

The thermodynamic data obtained from the MD simulations
may help to understand this effect. Results presented in Table 1
show that, although there is a reduction in the protein conforma-
tional entropy, these changes are overcompensated mostly by
energy of interaction due to protein ligand binding, ΔEassoc.

On the other hand, for the dimer it is evident that ΔEassoc is also
responsible for overcompensating the large loss in solvation free
energy. The small but still favorable entropy term also favors the
dimer, all resulting in a more negative change in free energy and
favoring the greater increase in Tm, as observed.
Physiopathological Implications. By recognizing multiple

N-acetyllactosamine units onN- andO-glycans on the surface of
immune, inflammatory, and neoplastic cells, Gal-1 triggers
distinct biological events, including apoptosis, immunosuppres-
sion, and cell migration (14). Under this complex scenario,
defining and characterizing the physicochemical parameters
regulating binding of Gal-1 to its specific disaccharide lactose
is of great importance for improving our understanding of the
biological effects of this endogenous lectin at the crossroads of
physiology and pathology. Moreover, understanding the bio-
chemical and biophysical aspects of Gal-1 either free or com-
plexed to specific disaccharides may contribute to the design of
novel glycomimetics capable of interfering in Gal-1-glycan
interactions during tumor escape and metastasis.

CONCLUSION

In this work,we conducted an extensive analysis of the changes
occurring in terms of Gal-1 structure, dynamics, and thermo-
dynamics upon binding to the specific disaccharide lactose.
Experimental results indicate the presence of the saccharide
ligand does not alter the protein structure, although it certainly
increases its thermal stability. While ligand binding to Gal-1
decreases considerably its flexibility and, therefore, the entropy of
the protein and yields a negative difference in the solvation free
energy of the protein, these changes are overridden by the energy
gained upon complexation.
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