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ABSTRACT: An understanding of the interplay between structure and energetics is crucial for the optimization
of modern protein engineering techniques. In this context, the study of natural isoforms is a subject of major
interest, as it provides the scenario for analyzing mutations that have endured during biological evolution. In
this study, we performed a comparative analysis of the ligand-recognition and homodimerization energetics
of bovine fS-lactoglobulin variants A (SlgA) and B (SlgB). These variants differ by only two amino-acid
substitutions: 64th (Asp, — Glyg), which is fully exposed to the solvent, and 118th (Val, — Alag), immersed
in the hydrophobic core of the protein. Calorimetric measurements revealed significant enthalpic and entropic
differences between the isoforms in both binding processes. A structural comparison suggests that a variation
in the conformation of the loop C—D, induced by mutation Asp/Gly, could be responsible for the differences
in ligand-binding energetics. While recognition of lauric acid was entropically driven, recognition of sodium
dodecyl sulfate was both entropically and enthalpically driven, confirming the key role of the ligand polar
moiety. Because of a more favorable enthalpy, the dimerization equilibrium constant of SlgB was larger than
that of fSlgA at room temperature, while the two dimers became similarly stable at 35 °C. The isoforms
exchanged the same number of structural water molecules and protons and shared similar stereochemistry at
the dimer interface. MD simulations revealed that the subunits of both variants become more flexible upon
dimer formation. It is hypothesized that a larger increase of SlgA mobility could account for the dimerization
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energetic differences observed.

Random changes in the genomic sequences that modify the
primary structure of proteins provide the raw material with which
natural evolution sculpts living organisms. In the last years,
considerable progress has been achieved in understanding the
connections between mutations and changes in the physicochem-
ical and functional properties of proteins (/). Nevertheless,
further research is still required to expand fully our ability to
modify properties of natural proteins or to create de novo ones. In
this sense, the study of natural protein isoforms is a subject of
major interest, as they carry not only meaningful information on
the relationship between structural and energetic properties but
also on the functional context in which those mutations have
been selected (2, 3).
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! Abbreviations: Slg, bovine S-lactoglobulin; SlgA, flg variant A;
PlgB, flg variant B; LA, lauric or dodecanoic acid; SDS, sodium dodecyl
sulfate; Ky, equilibrium binding constant; n, binding stoichiometry;
AH,, binding enthalpy; AGy, binding free energy of Gibbs, ASy, binding
entropy; Kp, equilibrium dimerization constant; AHp, dimerization
enthalpy; AGy, dimerization free energy of Gibbs, ASy, dimerization
entropy; AC,p, dimerization heat capacity; ITC, isothermal titration
calorimetry; IDC, isothermal dilution calorimetry; ANy, number of
structural water molecules exchanged; ANy, number of protons ex-
changed; AH;,,, buffer ionization enthalpy; rmsd, root-mean-square
deviation; RMSF, root-mean-squate fluctuation per residue; A4, sur-
face area change; AC,a4, desolvation heat capacity; AC,u20, heat
capacity change of water molecule sequestering; AC,r, total calculated
heat capacity dimerization (=ACpas + AC,u20); MD, molecular
dynamics; NMR, nuclear magnetic resonance.
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Bovine f-lactoglobulin (flg)' is a prominent member of the
lipocalin family, a large group of proteins involved in the transport
of small hydrophobic molecules. Slg has nine S-strands (labeled A
to SI) and a three-turn a-helix (Ho) located between SH and fS1.
Eight of the -strands (SA to fH) form a f-barrel sandwich with a
central cavity, usually referred to as “calyx”, which constitutes the
main binding site of the protein. Loops A—B, C—D, E—F, and
G—H flank the entrance of the cavity, while loops B—C, D—E, and
F—G close the opposite side of the fS-barrel (4). X-ray crystal-
lography data have recently confirmed the existence of a secondary
binding site, located on a solvent-exposed hydrophobic patch
composed of Hot and fI residues (5). In spite of the numerous
biophysical studies carried out on this relatively small protein (162
residues), it is still an intriguing case of study. Slg shows a complex
conformational behavior. Unfolding studies have revealed the
existence of a number of kinetic and equilibrium intermediates (6, 7).
Furthermore, this lipocalin represents an emblematic example of a
P-sheet protein with a predominantly a-helical intermediate in its
folding pathway (8, 9). Above pH 3.5, the protein tends to self-
associate (/0). Between pH 6 and 8, it undergoes a number of
conformational changes that collectively are known as the “Tanford
transition” (11, 12). This transition, characterized by an overall
expansion of the molecule, modifies the conformation of the loop
E—F. Under acidic conditions, the loop adopts a conformation that
closes the entrance of the cavity, while at neutral and basic
conditions, it folds back to expose the interior of the cavity. Thus,
this loop seems to serve as a lid for controlling the access of ligands
to the calyx.
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Several variants of Slg have been isolated from cow’s milk.
Among them, variants A (flgA) and B (flgB) are the most
abundant. These variants differ only in two sites of the polypep-
tide chain: at the fully solvent-exposed position 64, Asp in SlgA is
replaced by Gly in flgB, and at position 118, immersed in the
hydrophobic core of the molecule, Val in SIgA is changed by Ala
in SlgB. With the pursuit of a careful comparison of structural
properties, two laboratories have independently reported the
X-ray structures of the isoforms under matched crystallization
conditions. Qin et al. (/3) crystallized the two variants at a
nominal pH of 7.1 (PDB codes 1bsy and 1bsq for SlgA and flgB
dimers, respectively), while Oliveira et al. (/4) used a nominal pH
of 7.9 (PDB codes 1qg5 and 1b8e for SlgA and SlgB dimers,
respectively). Small structural differences in the vicinity of the
two mutations were reported in both studies. Replacement of Val
to Ala at position 118 creates a void space in the core of the
protein (~40 A®), which has been confirmed through pressure-
induced unfolding studies (15). Furthermore, distinct conforma-
tions of the loop C—D (residues 60—69) were observed, which
seem to arise from variations in the local electrostatic potential
induced by the mutation Asp/Gly at position 64 (16). In spite of
these relatively modest structural differences, the mutations
significantly modify the physicochemical properties of plg,
including solubility (/7), isoelectric point (/8), structural mobi-
lity (19), dimerization and ligand-recognition energetics (20), and
susceptibility to temperature, chaotropic agents (21), hydrostatic-
pressure (15), and proteolysis (22). Some of these differences are
of significant industrial interest, as they affect milk processing.

The ligand-binding capacity of lg has been studied extensively
in the past, mainly using spectroscopic techniques (20). The
protein is able to recognize a wide variety of hydrophobic ligands,
with binding constants (K;,) ranging from 10> to 10° M.
However, the number of studies dealing with the simultaneous
characterization of the two major variants is still scarce. Further-
more, only K}, values obtained at a single temperature have been
reported. In the present study, we have characterized the
association of SlgA and flgB to lauric (dodecanoic) acid (LA)
by using high-precision isothermal titration calorimetry (ITC).
This ligand was chosen since it was found to be the longest
saturated fatty acid with solubility high enough to perform
reliable calorimetric measurements. Furthermore, the binding
of each variant to sodium dodecyl sulfate (SDS) was measured,
with the aim of assessing the energetic importance of the ligand’s
polar tail in the interaction. SlgA and flgB also show distinct self-
association behaviors. While SlgB forms dimers, SlgA is able to
octamerize between pH 3.5 and 5.5 (18). Furthermore, the dimer
of PlgB is more stable than that of SlgA (23), though no
systematic comparison of the energetic contributions responsible
for this difference has been carried out. In a previous study, the
dimerization energetics of fSlgA was characterized calorimetri-
cally at neutral pH (24). A structural-energetic analysis, in which
the occurrence of coupled equilibria was taken into account, led
to the conclusion that water sequestering has a major energetic
role in the formation of the flgA homodimer. In the present
study, we have performed a similar characterization of SlgB and
compared the homodimerization energetics of both variants.

MATERIALS AND METHODS

Materials. All chemicals, including bovine flg variants A
(L7880) and B (L8005) were from Sigma Chemical Co. Experi-
ments were performed at pH 7.0 in a 0.05 M buffer phosphate
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solution supplemented with 0.1 M NaCl, unless otherwise stated.
Plg was dissolved into the buffer solution and diafiltrated
extensively in an Amicon stirred cell through polyethersulfone
ultrafiltration discs. Protein concentration (MW = 18.2 kDa and
18.4 for flgA and plgB, respectively) was determined spectro-
photometrically (4350™ = 0.97).

Isothermal Titration Calorimetry. The association of flg
variants to LA or SDS were measured calorimetrically using a
VP-ITC instrument (MicroCal, Inc.). To reduce artifacts related
to ligand self-aggregation, the minimal reactant concentrations
were looked for that allowed performing reliable calorimetric
measurements. Accordingly, all titration measurements were
performed using a flg monomer concentration of ~13 uM.
The concentration of LA in the calorimetric syringe was
0.3 mM, which is significantly smaller than its critical micelle
concentration (CMC =1 mM). Nevertheless, the use of LA
concentrations of up to 0.6 mM yielded similar results for the
binding parameters. For titrations with SDS, a ligand concentra-
tion of 0.3 mM was used (CMC = 8.2 mM). The titration
schedule consisted of 25—30 consecutive injections of 10 uL,
with a 6 min interval between injections. The dilution heat of the
ligand was obtained by adding it to a buffer solution under
conditions identical to those used with the protein solution. The
binding constant (Ky), enthalpy change (AHy,), and stoichiometry
(n) were determined by the nonlinear fitting of normalized
titration data using an identical and independent binding site
model:

X N 1
nM, nKyM,

\/ < X1 )2 4%,
/| 1+—+ -

nM;  nKyM, nM,
where Q is the normalized heat evolved per mole of ligand, after
correction for dilution heats of the ligand, V, is the working
volume of cell, and X; and M, are the ligand and macromolecule
concentrations, respectively.

Isothermal Dilution Calorimetry. The dissociation of the
plgB homodimer was characterized using isothermal dilution
calorimetry (IDC). Stepwise additions of small aliquots of a
solution of high protein concentration (typically 1.3 mM of
monomer) were applied into the calorimetric reaction cell loaded
with buffer solution. According to a simple dimer dissociation
model (25), the heat measured upon addition of the ith injection
of volume d7¥; into the cell calorimeter would be

. anAHb V()

1
3 +

(1)

dv;
qi = AHgise[Po] gy, dVi— AHgise ([P2); = [P2); 1) (Vo +T)

(2)

where AHg;. is the dissociation enthalpy of the dimer, and [P]
and [P,] are the molar concentrations of the free monomer and
dimer, respectively. The dimer concentration in the reaction cell
[P,]; and the syringe [ P,]s,, are in turn related to the corresponding
equivalent monomer concentrations [ Py] through the dissociation
constant:

[Pr] = [P]+2[Py] = Ka'2[P2]'* +2[Py] (3)

where Ky 1 the equilibrium dissociation constant. AH ;. and
Kgisc were determined through a nonlinear regression fitting of
egs 2 and 3.
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FiGure 1: Isothermal titration calorimetry of lauric acid (A) and SDS (B) binding to SlgA (O) and SlgB (a,V). In total, 35 5 uL aliquots of ligand
(typically 0.3 mM) were injected into 1.42 mL of protein (13 uM of monomer). All experiments were conducted at pH 7.0, in a 0.05 M phosphates
buffer, 0.1 M NaCl, and run in triplicate. The solid lines are the best fittings of a single site binding model to the experimental data.

Proton exchange was measured calorimetrically by conducting
IDC experiments with buffers of different ionization enthalpy,
AH;,. The measured dissociation enthalpy, AHgis. obs, Will vary
as a function of the number of protons exchanged, ANy,

AI'Idisc,obs = A]VH + AI-Iion + AI-Idisqb (4)

where AHgisp 1s the dissociation enthalpy free of buffer
protonation effects. Measurements were carried out at 25 °C
using buffers of quite different AH;,, (phosphate, AH;,, =
0.9 kecal mol™"; bis-tris, AH,o, = 6.8 kcal mol™; tris, AH,y, =
11.3 keal mol ™).

Osmotic stress studies using nonionic osmolytes were con-
ducted to measure hydration effects coupled to dimer forma-
tion (24). The number of water molecules that are not accessible
to the osmolyte (ANw) can be estimated from the dependence of
the equilibrium constant on the osmolality of the solution,
[osmol] (26):

dln K

ANy = —55.6 ——
v 236 dlosmol]

(5)

Equation 5 assumes that no direct interaction between the
cosolute and the protein takes place. Previously, it was shown
that there is no interaction of SIgA with sucrose or acetamide (24).
This last agent was used in experiments with SlgB.

Changes in Solvent-Accessible Surface Area. Surface area
calculations were carried out with the NACCSESS program (S. J.
Hubbard, J. M. Thornton, NACCESS. Computer program,
Department of Biochemistry and Molecular Biology, University
College, London, 1993) using a probe radius of 1.4 A and a slice
width of 0.1 A. Changes in solvent-accessible surface areas (AA)
were estimated from the difference between the complex and the
sum of the free molecules.

Molecular Dynamics Simulations. The quality (bond
lengths and angles, side chain planarity, atom chirality,
Ramachandran analysis, packing quality, hydrogen bond posi-
tions, etc.) of the X-ray structures of the complexes of SIgA with

Br-dodecanoic acid (PDB 1bso) and flgB with palmitic acid
(PDB 1bo0) and of the ligand-free dimers of SlgA (PDB 1bsy)
and fSlgB (PDB 1bsq) were checked with the WHAT IF Web
interface (27). All MD simulations were performed in explicit
solvent using a periodic truncated octahedral box by using the
GROMACS simulation suite and the OPLS all-atom force field
as described elsewhere (24).

RESULTS AND DISCUSSION

Ligand-Binding Energetics. Figure 1A shows the binding
isotherms obtained for the titration of each Slg variant with LA at
35 °C, pH 7.0, using a protein concentration of 13 uM. Under
these experimental conditions, both fSlg variants are predomi-
nantly monomeric (see below). The isotherms were fitted satis-
factorily using a single binding site model, yielding a stoichiom-
etry of 1:1. Therefore, under the conditions used in this study, no
evidence was observed for the binding of the fatty acid to the
external secondary binding site. SlgB binds to LA with a 2-fold
higher affinity in relation to SlgA (Table 1). This dissimilarity is
due to the fact that although fSlgA associates to the fatty acid
gaining more degrees of freedom, it undergoes an even larger
enthalpy increase compared to SlgB. The stronger affinity of SlgB
for LA is consistent with previous noncalorimetric results.
Spector and Fletcher (28), using equilibrium dialysis, found
Ky = 52000 M~' for BlgA (pH 7.4, 37 °C), while Frapin
et al. (29), using titration fluorimetry, obtained K;, = 1430000
M~ (pH 7.0, 20 °C) for BlgB. The affinity difference between the
two variants determined from these studies is larger than that
obtained in the present study, a discrepancy that may be related
in part to the use of different techniques and somewhat dissimilar
experimental conditions.

LA and SDS differ from each other in the polar moiety, while
they share the same aliphatic chain. Since SDS also binds into
the plg calyx (30, 31I), it can be used to gain insights into
the importance of the ligand’s polar head in the interaction.
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Table 1: Energetics of LA and SDS Recognition by fSlg Variants A and B¢

ligand variant n” KoM 'x 1073 AGy, keal mol™! AH,, kcal mol™ TAS}, kecal mol™!

LA PlgA 0.94 £0.04 1.88£0.08 —7.45+0.20 4.58 +0.06 12.06+0.18
plgB 0.99+0.01 3.704+0.02 —7.854+0.16 1.56+£0.04 9.41+£0.30

SDS PlgA 0.94+0.02 1.074+0.02 —6.98+0.11 —2.5240.02 4.46+0.09
plgB 0.98+0.01 5.79£0.06 —8.0040.09 —4.204+0.01 3.814+0.01

“Measurements were perfomed at pH 7.0 in a 0.05 M phosphates buffer, 0.1 M NaCl, at 35 and 30 °C for LA and SDS, respectively. Values for each entry are
the mean of three independent experiments. “Ligand bound per monomer of protein.

Measurements for this ligand are reported at 30 °C (Figure 1B),
since titration of SlgA at 35 °C yielded heat signals that were too
small, precluding a reliable analysis of the data. The correspond-
ing binding parameters are shown in Table 1. For each variant,
1 mol of SDS is bound per mol of protein monomer, with an
affinity similar to that for LA. The K, value obtained herein for
PlgB is similar to that obtained previously using equilibrium
dialysis (Ki, = 3.1 x 10° M ™", pH 7.5 (32), and somewhat smaller
than that determined fluorimetrically (K = 4.35 x 10° M,
20 °C (33)). At variance with that observed for LA, SDS
recognition is both enthalpically and entropically driven.
Furthermore, the entropy gain is considerably smaller with
SDS. These results indicate that the ligand’s polar group plays
a major role in the interaction with fSlg, a molecular feature
difficult to disclose if only considering binding constant values at
a single temperature. Rowshan et al. (34) found that the forma-
tion of the flgB—SDS complex is more exothermic than that of
pelA, in agreement with data in Table 1. In contrast, Taheri-
Kafrani et al. (39) reported that fglA binds endothermically to
SDS at pH 6.7. However, SDS concentrations above the CMC
were used in both studies, and no binding parameters were
reported. In an earlier thermometric study, Kresheck et al. (36)
reported that the SlgB—SDS interaction is exothermic, finding
values significantly more negative than those in Table 1, while
binding constants were not determined.

Structural-Based Analysis of Ligand Binding. Qin
et al. (16) solved the structure of SlgA bound to Br-dodecanoic
acid. Shortly after, Wu et al. (37) reported the structure of the
PlgB—palmitic acid complex. Both fatty acid-bound structures
were obtained near neutral pH, with similar resolutions. We used
these structures for modeling the two variants in complex with
lauric acid by simply eliminating the extra ligand atoms in the Br-
dodecanoic and palmitic acids. Figure 2A shows the overlapped
structures of the variants in these complexes. Clearly, the two
structures are very similar, showing an overall rmsd of 0.7 A.
However, a closer inspection reveals small, though plausibly
significant, conformational differences. Table 2 shows distances
between selected ligand—protein and protein—protein atom
pairs. It can be seen that residues at positions 64 and 118 lie far
away from the binding site (>7 A from the closest ligand atoms;
see also Figure 2C), implying that the effects on the binding
energetics of mutations at these positions must be indirect.

Residue 64 is located in the middle of the loop C—D, which
flanks the entrance of the protein’s binding site (Figure 2D). As
shown in Figure 3A, the triad of residues Glu®*, Asn®, and Asp/
Gly* exhibit largely different ¢ and/or y dihedral angle values in
the two variants. Significant differences in the main-chain con-
formation of the loop C—D are also seen in the ligand-free
structures of the isoforms (/3). The reason for this conforma-
tional difference seems to be related to the presence of Asp™ in
PlgA, which induces a rearrangement of the loop C—D in order

to minimize electrostatic repulsions with nearby residues Glu®
and Glu® (13). Asa result, the contact pattern inside the loop and
of the protein with the ligand differs significantly between the two
variants (Figure 2D). In flgA, the carbonyl group of Glu®*is fully
exposed to the solvent, while in SlgB it is pointing toward the
interior of the loop, forming a hydrogen bond with the main
chain’s amide group of Glu®. In turn, the side chain of Glu® in
BlgB interacts simultaneously with Lys® and Lys®’, while these
two basic residues form electrostatic bridges with the carboxyl
group of LA. In contrast, this electrostatic bonding network is
not seen in SlgA. In this variant, Glu® is moved away from the
ligand, losing its contact with Lys®’. Furthermore, the interaction
between the carboxylate of LA and Lys® is disrupted, since this
last residue is displaced in order to preserve its interaction with
Glu®. Overall, the larger number of contacts with the polar
group of LA in flgB may explain, at least in part, the less
unfavorable binding enthalpy observed for this variant in relation
to that observed for SlgA. In turn, it is conceivable that the
formation of a more extensive hydrogen bonding network elicits
a larger stiffening of the complex, a picture that is consistent with
the less favorable ligand-binding entropy observed for SlgB.

To further explore the conformational dissimilarities between
PlgA and flgB, molecular dynamics simulations were carried out
to determine the temporal course of the interactions of LA with
Lys® and Lys®. Figure 3B shows the fraction of time during the
simulation in which the carboxylic moiety of LA establishes
interaction with none (0), one (1), or simultaneously the two
lysine residues (2). In both variants, most of the time there are no
ligand—protein hydrogen bonds. This picture is consistent with
NMR results obtained for the binding of SlgB to *C-enriched
palmitic acid, indicating that the ligand carboxylate shows a
larger mobility compared with the mobility of atoms at the
aliphatic tail (38). Yet, the MD simulations suggest that the
hydrogen bonds formed with the fatty acid are more lasting and
cooperative in SlgB than in SlgA.

A clear indication that the Asp/Gly mutation is implicated in
the ligand-binding differences between flgA and flgB is the
distinct recognition behavior observed with SDS. In both var-
iants, AHy, is largely improved upon SDS binding (becoming an
exothermic process), while AS}, is less favorable in relation to LA
binding. Presumably, the larger size and number of hydrogen
bond acceptors of the sulfate group facilitates a more extensive
interaction of SDS with the protein. It is worthy to note that the
differences in AH,, and ASy, between the flg variants decrease
considerably with SDS as the ligand (Table 1). In this case, the
entropy gain is almost the same in SlgA and SlgB (A(TASy) = 0.7
keal mol ™! for SDS vs 2.6 kcal mol ™! for LA), suggesting that
both variants undergo a similar loss of structural flexibility. In
contrast, the difference in the binding enthalpy is somewhat
larger (A(AHy)=1.7 kcal mol '), suggesting that electrostatic
effects that arise due to the presence of Asp** are also considerable
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FIGURE 2: Structural aspects of Slg variants: (A) superposition of the X-ray structures of S1gA and flgB, (B) perspective of the binding cavity of
plg, (C) flgA dimer. Positions 64th (solvent exposed) and 118th (buried) in the polypeptide chain are in white spheres, while the ligand molecule is
shown in CPK colored spheres. (D) Conformation of the loop C—D and its interaction with the fatty acid in the SlgA (left) and SlgB (right)
structures. Numbers correspond to the distance (in angstroms) between atomic centers.

Table 2: Distances between Selected Ligand—Protein and Protein—Protein
Atom Pairs in the LA-Bounded Structures of flg Variants

PlgA (1bso.pdb)

BlgB (1b00.pdb)

ligand—protein

protein—protein
(intracatenary)

LA(O1)-D*(N): 13.9
LA(02)—-K®(NZ): 3.1
LA(O1)-K*(NZ): 4.8
LA(C6)—V'*¥(CB): 7.9
LA(C6)—V'"¥(CG1): 7.5
LA(C4)-L¥(CD2): 5.4

V'"¥(CB)-L*(CD2): 3.6
VI8(CGH—R*(N): 6.4
D*(CA)-A(CB): 11.7

LA(O1)—-G*(N): 12.0
LA(02)-K®(NZ): 2.7
LA(O1)-K*®(NZ): 3.2
LA(C6)—A"S(CB): 7.8

LA(C6)—-L¥(CD1): 4.2
A'"8(CB)-L*(CB): 4.1

A8(CB)—R*(N): 6.9
G*(CA)-A3*(CB): 9.8

in the interaction with SDS. Thus, it seems that subtle differences
in the configuration of the protein’s residues interacting with the
ligand’s polar group are responsible for the dissimilarities observed
in the recognition of LA.

Although residue 118 is also not seen interacting directly with
the ligand in the X-ray structures of the two fatty acid-flg
complexes, it does contact Leu®, which in turn forms part of
the protein’s binding cavity. As shown in Table 2, Leu® estab-
lishes a van der Waals contact with Val''® in flgA that is not seen
with Ala'"® in flgB. In turn, Leu® in BlgB is significantly
displaced toward the LA molecule, making a contact with the
aliphatic chain of the ligand. In contrast, this contact is not seen
in the plgA complex. Thus, it cannot be ruled out that the
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FIGURE 3: (A) Comparison of ¢ (O,®) and 1 (a,A) values of residues forming the loop C—D in flgA (O,2) and flgB (®,4a). (B) Fraction of time
during a 50 ns-long MD simulation in which the carboxylic moiety of LA establishes interaction with none (0), one (1), or simultaneously both
Lys®® and t Lys® (depicted in Figure 2D), in SlgA (solid bars) and SlgB (open bars).

mutation Val/Ala(118), occurring in the core of the protein,
could also be contributing to the different ligand-binding
behaviors of the fSlg variants.

“Classical” vs “Nonclassical” Hydrophobic Effect in
Blg—Ligand Interactions. Analysis of transfer data of model
compounds has led to the classical picture whereby the hydro-
phobic effect is entropically driven, while the enthalpic contribu-
tion is marginally favorable or unfavorable. Nevertheless, it has
been observed in an increasing number of cases that the recogni-
tion of hydrophobic ligands by proteins may be characterized by
a so-called nonclassical hydrophobic effect (39). In these cases,
the process is enthalpically driven, while the binding entropy may
even be largely unfavorable. Frequently, the coordination of the
ligand’s polar moiety, occurring at the bottom of the low-
dielectric binding cavity, has been implicated as the main source
of the favorable binding enthalpy (40—44). For instance, pher-
omonal ligands bind to mouse major urinary protein (MUP-1)
via water-mediated hydrogen bonding networks with internal
polar residues. Mutations that disrupt these interactions diminish
significantly the favorable binding enthalpy, while the binding
entropy becomes favorable (49).

Classical hydrophobic-like signatures were observed for the
recognition of LA by the two flg variants. This is not surprising,
since around 90% of the contact areas between the ligand and the
protein are hydrophobic. Conversely, nonclassical hydrophobic-
like features were exhibited in SDS recognition. Displacement
titrations of LA-prebound flg with SDS demonstrate that the two
ligands compete for the same binding site (30, 3/), indicating that
SDS association also involves extensive apolar-to-apolar contacts
between the ligand and the protein. Thus, the switch from a
classical to a nonclassical hydrophobic behavior in flg’s recogni-
tion is primarily determined by the nature of the ligand’s polar
moiety. It is worth to note that, at variance with other proteins
showing a nonclassical hydrophobic effect, the ligand—protein
polar-to-polar interactions in Slg complexes occur at the entrance
of the binding site, with a high degree of exposure to the solvent.
Thus, a low dielectric environment is not obligatory for the
development of exothermic interactions between charged groups.

Energetics of Self-Association. The homodimerization
energetics of SlgB was characterized calorimetrically at neutral
pH by means of IDC, under the same conditions used previously

for BlgA (24). As an example of the calorimetric results, Figure 4A
shows the dissociation isotherm obtained at 25 °C, which was
well fitted using a simple dimer dissociation model. Table 3
summarizes calorimetric results obtained in the temperature
range of 15—35 °C, expressed in terms of dimer formation (i.c.,
Kp, AGp, AHp, and ASp). Self-association was enthalpically
driven throughout the temperature range spanned. In contrast,
the process was entropically favored at the lower and opposed at
the higher temperatures sampled, implying that the maximum
stability of the dimer occurs at room temperature. Linear
regression analysis of AH, vs. temperature yields a AC,, value
of —459 4+ 9 cal mol ™' K™,

The exchange of small molecules coupled to the formation of
the SlgB dimer was also quantified calorimetrically. Proton
exchange was determined by performing measurements in buffer
solutions of varying ionization enthalpy (AH,,,). Figure 4B (O)
shows the observed dimerization enthalpy (AH,y) obtained in
three different buffer solutions. The slope of this plot (eq 4) is
consistent with a marginal uptake of protons, ANy, = 0.24 £
0.02. In contrast, calorimetric measurements performed under
osmotic stress conditions reveal a strong dependence of K, on the
cosolute osmolality (Figure 4B, @), indicating the sequestering of
a large number of water molecules (ANw = 36 & 2) upon dimer
formation (eq 5).

Figure 5 compares the thermodynamic formation signatures of
PlgA and flgB homodimers. It was established 4 decades ago via
sedimentation equilibrium that SlgB exhibits a Kp 3-fold larger
than that of SlgA (23). Our calorimetric measurements are
consistent with that picture, though a smaller difference between
the two variants was observed (Kp ~50% higher for fSlgB).
Considerable differences in AHp and TASp were observed
between the two variants. Formation of the SlgB homodimer is
enthalpically more favored (AAHp = —2.3 keal mol "), while it
loses a larger number of degrees of freedom (A(TASp) = —1.9
kcal mol™") than flgA. The more exothermic formation of the
PlgB dimer implies a higher thermal dependence of the equilib-
rium constant for this complex. As a consequence, the SlgB dimer
is seen to be more stable than the SlgA dimer at low temperatures,
while the two dimers become equally stable around 35 °C
(see also Table 1 in ref 24). As shown in Figure 5, the AC, value of
PlgB is slightly less negative (AAC,p = 36 cal mol ' K™ than



Article Biochemistry, Vol. 50, No. 1, 2011 157

Osmolality
00 05 10 15 20
10 PR | | | 1 1 |
A
8 -
6
E
2 47
kS
2
0
——— 17117+ 9.0
0 20 40 60 80 100 120 140 0 2 4 6 8 10 12

[BLG] (uM) 4H, (kcal/mol™)
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represents the best fitting of a simple dimer dissociation model to the calorimetric data. (B) Calorimetric determinations of protons (O) and
structural water molecules (®) exchanged upon formation of the SlgB homodimer. For the evaluation of the number of protons exchanged (eq 4),
three buffer systems with different ionization enthalpies were used (1) phosphate, AHon = 0.9 kcal mol™"; (2) bis-tris, AH;on, = 6.8 kcalmol ™ '; and
(3) tris, AH;,, = 11.3kcalmol™". For the evaluation of the number of water molecules exchanged (eq 5), acetamide was used as the stress agent. All
experiments were in triplicate, at 25 °C, pH 7.0, in a 0.05 M phosphates buffer, 0.1 M NaCl. See the Materials and Methods for details.

Table 3: Energetics of flgB Homodimer Formation Measured Calorimetrically”

temperature °C KoM ' x 1073 AGp keal mol ™! AHp kcal mol ™! —TASp keal mol ™!
15 83.4+0.7 —6.494+0.05 —2.98+0.16 —3.514+0.07
20 69.2+0.5 —6.49+0.01 —5.77+0.53 —0.724+0.07
25 46.24+0.3 —6.36+0.06 —6.941+0.24 +0.58 +0.04
30 28.84+0.2 —6.194+0.04 —9.86+0.15 +3.68 +£0.05
35 18.040.1 —6.00+0.05 —12.30+£0.35 +6.30+0.12

“Measurements were performed at pH 7.0 in a 0.05 M phosphates buffer, 0.1 M NaCl. Values for each entry are the mean of three independent experiments.
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FIGURE 5: Thermodynamic signatures determined calorimetrically for the formation of SlgA (solid bars) and fSlgB (open bars) homodimers.
AHp, TASp, and AGp, (at 20 °C) are in kilocalories mole™ !, AC,p is in calories mole™ ! Kelvin™ .

that of SlgA. This difference, though small, is beyond experi-
mental uncertainty. Figure 5 also shows that the two variants

exchange the same numbers of protons and structural water
molecules upon dimer formation.
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Table 4: Hydrogen Bonding at the Dimer Interfaces of Slg Variants

subunitl —subunit2 PlgA“ (1bsy) PlgB® (1bsq) BlgA? (1qg5) BlgB’ (1b8e) PlgA-B¢ (1beb)
D*OD1)—R*(NH1) 4.4 4.9 3.4 3.1 2.9
D*(OD1)—R*(NH2) 4.7 5.0 3.9 2.6 2.9
R*(NH2)-D*(ODI) 5.7 49 3.9 3.1 2.9
R*(NH1)-D*OD1) 4.4 5.0 3.4 2.6 3.0
H"“ND1)-8"**(0G/0) 3.6 3.7 3.7 4.0 4.3
H'"(0)—S"°(N) 2.9 2.9 3.0 3.0 2.9
R"MN)-R'(0) 2.8 2.7 2.9 2.9 3.0
R(0)-R"N) 2.8 2.7 3.0 2.9 3.0
SPON)—H'*(0) 2.9 2.9 3.0 3.0 3.0
S1(0G/0)—H"“(ND1) 3.6 3.7 3.7 4.0 3.0

“Crystallized under matched conditions, at a nominal pH of 7.3 (13). ®Crystallized under matched conditions, at a nominal pH of 7.9 (/4). ‘Crystallized ata

nominal pH of 6.5, as a mixture of the two isoforms (47).

Table 5: Surface Area Changes and Structural-Based Calculations of Heat Capacity Changes for flgA and flgB Homodimers

PDB code variant JAVZ e A2 AA, A? AC,p.4 cal mol 'K ™! AC,1" cal mol ! K!
1bsy” BlgA —548 —380 —148 —443
1bsq” PlgB —527 —397 —134 —429
1qg5°¢ PlgA —480 —428 —105 —400
1be8¢ PlgB —481 —460 =97 —392

“Desolvation heat capacity (AC,x 4) Was calculated according to eq 6. The total calculated heat capacity change (AC,r) is the sum of AC,, 4 plus the change
rising from the freezing of 36 water molecules (AC,20), considering a contribution of —8.2 cal mol ™" K™ per water molecule (24). “Crystallized under
matched conditions, at a nominal pH of 7.3 (13). ‘Crystallized under matched conditions, at a nominal pH of 7.9 (14).

Structural-Based Analysis of Self-Association. Residues
64 and 118 are distant from the dimer interface (> 7 A), implying
that the mutations occurring at these positions, as in the case of
ligand binding, exert an indirect effect on the dimer energetics
(Figure 2B). It has been proposed that the two extra methyl
groups of Val''® induce a displacement of residues 37—40 in
relation to their positions observed in the presence of Ala''®, a
variation that perturbs the interaction at the dimer interface, thus
affecting the monomer—dimer equilibrium (46). To check this
suggestion, we compared two pairs of X-ray structures of SlgA
and SlgB which have been solved under similar conditions (13, 14).
Table 4 lists the donor—acceptor atom pairs that have been
suggested to participate in the stabilization of the flg dimer
interface (47), as well as the respective atomic distances observed
in the two pair of dimers. In all these structures, the correspond-
ing space group has a monomer in the asymmetric unit, i.e., the
intersubunit bonding could be significantly affected by the space
group. Table 4 also shows distances observed in a crystal
structure obtained at a nominal pH of 6.5, for which the dimer
is in the asymmetric unit (PDB 1beb (47)); however, in this case a
mixture of the two isoforms (SlgA—B) was crystallized. Clearly,
no consensus picture about hydrogen bonding differences be-
tween the two fSlg homodimers can be derived from the com-
parative inspection of data in Table 4.

Table 5 shows the interfacial surface areas (A4) calculated
from the two sets of crystal structures of Slg variants. Isoforms
obtained at the same pH show basically the same amounts of A4,
while larger differences are observed among dimers obtained at
different pH values. Table 5 also shows calculations for the
desolvation heat capacity change (AC,a ) based on the surface
area model:

AC

Pad

= —0.26Ad, + 04504, (6)

where A4, and A4, stand for changes in the solvent-accessi-
bility of polar (oxygen plus nitrogen) and apolar (carbon plus

sulfur) surface areas, respectively. Parameters for this model have
units of calories mole ™! Kelvin~' angstrom > and were obtained
from the analysis of the transfer of cyclic dipeptides from the solid
state to an aqueous solution (48). Thus, they have proven
successful in estimating heat capacity changes of protein folding
and protein binding processes where the desolvation of the
contacting areas is the predominant contribution (49, 50). As
shown in Table 5, for both variants AC, 4 accounts for just a
fraction of the experimental AC,p. Previously, it was shown that
the incorporation of water molecules into the dimer interface
largely affects the energetics of fSlgA self-association (24). In
contrast, no significant contributions from subunit conforma-
tional rearrangements or exchange of protons or counterions
take place. As stated above, osmotic stress measurements reveal
that the two homodimers incorporate the same number of
structural water molecules (ANw = 36). Considering the value
of —8.2 calmol ' K™ for the freezing of a single water molecule,
the heat capacity change associated to the sequestering of 36
water molecules (AC,1120) would amount to —295 cal mol "KL,
The sum of this last value with that calculated for AC,5 4 yields
estimations (AC,t = ACya4 + AC,u20) close to those deter-
mined calorimetrically (Table 5). Nevertheless, it is interesting to
note that, regardless of the structure or the variant considered, an
underestimation of the thermodynamic parameter is observed,
suggesting the probable occurrence of additional molecular
processes.

PBlg Structural Dynamics. Large changes in the structural
mobility of a protein can have significant effects on its association
energetics (57). It is well-known that flg shows large structural
fluctuations in relation to other globular proteins (52). This
flexibility is due in part to the presence of a central binding cavity,
which makes Slg lack a compact hydrophobic core. Furthermore,
it has been postulated that significant “breathing” movements are
necessary to allow the insertion of long ligands into the calyx
(Figure 2B). Contrasting pictures regarding the differences in the
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structural dynamics of SlgA and flgB have been put forward. For
instance, analyses of the temperature factors of structures
obtained under similar crystallization conditions have led to
the conclusion that variant A (/4) or variant B (13) is more
flexible than the other isoform. Few studies have been carried out
to address the dynamics differences in solution of flg isoforms.
The distinct reactivity of the thiol group of the buried Cys'?' has
been taken as evidence of a larger structural flexibility of the SlgB
isoform. In contrast, an analysis of the hydrogen—deuterium
exchange rates determined via infrared spectroscopy showed that
PlgA undergoes faster structural fluctuations (/9). This last
finding agrees with the 5-fold larger tryptic hydrolysis rates of
PlgA over SlgB observed under different temperature and pH
conditions (22).

Itis worthy to recall that SlgA shows a more favorable entropy
contribution both in self-association and ligand-binding pro-
cesses (Tables 1 and 3). It is tempting to hypothesize that this
feature could be related to an increased structural flexibility of
this isoform. Regarding the ligand-recognition process, it has
been observed that although palmitate-binding reduces the
proteolytic rates of SlgA and SlgB, implying an overall reduction
of the structural flexibility in both variants, the stiffening effect is
more pronounced in SlgB (22). On the other hand, Goto and co-
workers, using heteronuclear NMR, demonstrated that fatty-
acid binding increases the mobility of many residues lying at the
entrance of the binding cavity, mainly in the S-strand D and the
loops E—F and G—H (52, 53). A similar structural loosening
accompanies the Tanford transition (54), indicating that this
behavior is a conspicuous characteristic of Slg. Considering, on
the one hand, the evidence of that upon ligand binding, the
residues forming the entrance of the flg cavity are prone to
increase their structural flexibility, and, on the other, that a
weaker interaction seems to be established between SlgA and the
LA’s polar group (Figures 2 and 3), the larger AS}, observed for
this variant with respect to SlgB could be rationalized in terms of
a larger increase in the conformational dynamics of the open end
of its 5-barrel calyx.

In relation to the self-association entropy change, in a study
based on two-dimensional infrared and Raman correlation

spectroscopy, Jung et al. (55) observed secondary structural
changes of fSlg that depend on protein concentration. Analyzing
the signals of the amide I1I region, the authors proposed that the
increase of protein concentration perturbs the unordered and
ordered secondary elements, inducing an expansion of the
molecule. Furthermore, it was suggested that this expansion is
accompanied by water penetration into the protein. Clearly, this
last suggestion is in agreement with the osmotic stress results
obtained for the two flg variants (Figure 5). To explore whether
significant changes in the structural dynamics occur upon dimer
formation, 50 ns-long MD simulations were carried on both
variants. Figure 6A shows the RMSF for the free (dotted line)
and dimerized (solid line) subunits of SlgA. As expected, the
loops showed the largest fluctuations both in the dimer and the
free monomer, while the movements of the f-strands and the
a-helix were more restricted. The RMSF profiles in Figure 6A
resemble closely the "N spin—lattice (7) relaxation times
obtained using NMR spectroscopy by Uhrinova et al. (56) for
the SlgA’s free monomer at acid conditions. Figure 6B shows the
accumulated RMSF for the two fSlg variants. Values correspond
to the average of four independent MD runs with the standard
deviations shown as bar errors. Clearly, in both variants a
significant increase in mobility accompanies the formation of
the dimer, in agreement with the spectroscopic evidence provided
by Jung et al. (55). Four independent MD runs were carried out
for the monomer and dimer of each variant (see the Supporting
Information), while a long time was sampled in the simulations.
In spite of that, no significant differences in the dynamic changes
of flgA and plgB were observed, although it is recognized that the
uncertainties inherent to current MD simulation protocols are
still considerable (58). Nevertheless, considering the differences in
the formation of the two dimers, it seems that just a somewhat
larger increase of SlgA flexibility would be enough to explain the
more favorable dimerization entropy observed experimentally
for this variant.

CONCLUDING REMARKS

Although flg is one of the most studied globular proteins, its
complex behavior in solution makes it a challenging case of study
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in modern physicochemical and biochemical research. In this
study, we performed a detailed characterization of the ligand
binding energetics of flgA and flgB, the most prevalent variants
in cow’s milk. Furthermore, the self-recognition energetics of
PlgB was calorimetrically measured, as previously done for
PlgA (24). The two amino-acid substitutions that distinguish
PlgA and SlgB have a significant impact on the energetics of both
ligand binding and self-recognition processes. Since these sub-
stitutions occur at positions far away from the intermolecular
contact zones, their effects on the binding energetics must be
indirect, perturbing proximal and perhaps distal regions in the
protein molecule. In the case of ligand binding, structural and
MD simulation data suggest that a rearrangement of the loop
C—D, induced by substitution of Asp/Gly at position 64th, yields
a different interaction pattern of the protein with the polar moiety
of the ligand. Calorimetric measurements reveal that, as pre-
viously shown for SlgA, the homodimerization energetics of SlgB
is highly influenced by water sequestering. Furthermore, spectro-
scopic and computational results indicate that the subunits of the
two variants become more flexible upon dimer formation. The
increase in backbone mobility as a means to improve entropically
the binding affinity in biomolecular recognition phenomena has
been documented for an increasing number of protein complexes
in recent years (57—259), including the recognition of hydrophobic
molecules by the major urinary protein (MUP-I), a relative of
Plg (44). However, further work is still needed to unveil the
molecular bases of such a behavior.
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