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Background: Little is known regarding the thermody-
namics of binding of the broadly neutralizing anti-HIV-1
mAb 2F5 to its gp41 epitope.
Results: Isothermal titration calorimetry reveals strong
differences between IgG and Fab.
Conclusion: Residues flanking the core epitope and the
immunoglobulin Fc region contribute strongly to affinity
by allosteric mechanisms.
Significance: The results may help to develop new ther-
apeutics and/or vaccines against HIV and to understand-
ing Ag-Ab recognition.

Immunotherapies and vaccines based on the induction of
broadly neutralizing monoclonal antibodies (bNAbs) have
become outstanding strategies against HIV-1. Diverse bNAbs
recognizing different regions of the HIV-1 envelope have been
identified and extensively studied. However, there is little infor-
mation about the thermodynamics of binding of these bNAbs
and their epitopes. We used isothermal titration calorimetry to
characterize thermodynamically the interactions between
bNAb 2F5 (in both the IgG and Fab forms) and its functional and
core epitope peptides. We found that these interactions are
enthalpically driven and opposed by a negative entropy change.
The highest affinity was found for 2F5 IgG for its functional
epitope, indicating that additional interactions involving resi-
dues flanking the core epitope contribute strongly to higher
affinity. In addition, the strong influence of the Fc region on the
binding affinity suggests long-range allosteric effects within
IgG. Our results provide useful information for developing new
therapeutics against HIV-1 and, in a broader scope, contribute
to a better understanding of antigen-antibody recognition.

Since 1983, when HIV was found to be the causal agent of
AIDS, great efforts have been made to design an effective vac-

cine to contain the virus. Despite these efforts and even after
encouraging results from the RV144 vaccine clinical trial (1),
developing an HIV vaccine is still a daunting challenge. How-
ever, the field of HIV vaccine research has experimented a
resurgence with the identification of antibodies that neutralize
most circulating HIV-1 strains. Eliciting broadly neutralizing
antibodies (bNAbs)2 provides a base for active and passive
immunization strategies to prevent HIV infection (2). These
antibodies can protect against infection and suppress estab-
lished HIV infection in animal models. The finding that these
antibodies develop in a fraction of infected individuals supports
the idea that new approaches to vaccination might be devel-
oped by adapting the natural immune strategies or by struc-
ture-based design of immunogens (3). One of these bNAbs,
2F5, was discovered in a first generation of bNAbs against
HIV-1 and has been extensively studied. bNAb 2F5 has strong
neutralizing activity against a broad range of HIV-1 primary
isolates (4 – 6). The core epitope of 2F5 was mapped onto the
662ELDKWAS668 linear sequence of gp41, which is located at
the membrane-proximal external region (MPER) of the pro-
tein. A functional epitope including those residues whose sub-
stitution modifies the affinity for the corresponding antibody
was later extended to the sequence 656NEQELLELDK-
WASLWN671 (7). The atomic interactions of the complex
between the core epitope and antibody 2F5 have been described
in detail (8 –10). An additional complexity of the 2F5 epitope
has been suggested, including other gp41 regions (11) and an
influence of the proximal lipid bilayer (12, 13), which strongly
affects its immunogenicity (14). Understanding the interaction
of this antibody with its epitope requires not only a detailed
knowledge of the structure but also knowing the physicochem-
ical characteristics of the antigen (Ag)-antibody complex
described by the kinetic rate constants, equilibrium constants,
and thermodynamics of binding. Moreover, affinity and speci-
ficity are two of the most fundamental concepts of relevance to
the molecular immunologist interested in understanding and
characterizing Ag-Ab interactions. These concepts can be use-
fully defined in more than one way (15), but for some purposes,
both terms can be specified precisely and quantitatively by ref-
erence to thermodynamics. However, very few data have been
reported to date about the thermodynamics of binding of the
interaction between bNAb 2F5 and its corresponding epitope
peptide, and they account only for the Fab fraction (16). In this
study, we have characterized thermodynamically the binding of
bNAb 2F5 to peptides corresponding to both the core and func-
tional epitopes by isothermal titration calorimetry (ITC). This
technique is the only one capable of measuring not only the
binding affinity but also its stoichiometry and the magnitude of
the two thermodynamic terms that define the binding affinity:
the enthalpy (�H) and entropy (�S) changes.
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In contrast, numerous authors have reported that both vari-
able (V) and constant (C) Ig regions contribute to the binding
affinity and specificity of antibodies (11, 17–23). Most of these
studies have focused on affinity differences between distinct Ig
isotypes. For instance, the IgG isotype has been shown to affect
the Ag-binding and HIV-neutralizing activity of monoclonal
(24) and polyclonal (25) antibodies. Furthermore, 2F5 IgA2 and
IgG1 display significantly different epitope specificity, antibody
affinity, and functional activities (11). It remains unclear
whether allosteric influence between C and V regions is limited
to the Fab domain or extends further to the hinge and Fc
regions of Ig. This may be clarified by a comparative analysis of
epitope recognition between IgG and its Fab fragment. How-
ever, very few comparative thermodynamic studies of this type
by ITC have been reported. This information would help to
elucidate whether the flexibility of the IgG molecule, mostly
around the hinge region between the Fc and Fab regions (26,
27), still allows for an effect on the Ab affinity by allosteric
mechanisms. For this reason, we have completed this thermo-
dynamic analysis by comparing the results of the binding of
these peptides with 2F5 IgG and the 2F5 Fab fraction. Our
results revealed higher binding affinities in the case of the func-
tional epitope peptide, indicating that the presence of its flank-
ing residues contributes to a strong affinity increase. Moreover,
we also observed higher binding affinities for the complete IgG
than for the Fab fraction, confirming that the immunoglobulin
Fc region strongly influences bNAb 2F5 affinity.

EXPERIMENTAL PROCEDURES

Numbering of Residue Sequences

gp41 residues are numbered according to their positions in
the full amino acid sequence of HXBc2 Env gp160
(http://www.hiv.lanl.gov/).

Materials

Antibody 2F5 (28) in the IgG1(�) form was kindly provided
by Dr. Dietmar Katinger (Polymun, Klosterneuburg, Austria).
Two chemically synthesized peptides representing different
fragments of the gp41 MPER region including the 2F5 epitope,
N16N (656NEQELLELDKWASLWN671) and E7S (662ELDK-
WAS668), were purchased from CASLO Laboratory ApS. Both
peptides were N-acetylated and C-amidated at their termini.

Fab Preparation

The 2F5 Fab fragments were generated via enzymatic diges-
tion of IgG using a Fab preparation kit from Pierce Thermo
Scientific. To maximize the purity, a size exclusion chromatog-
raphy step with the pool of the 2F5 Fab fraction was carried out
on a Superose 6 column (GE Healthcare) in PBS buffer (0.1 M

sodium phosphate and 0.15 M sodium chloride; pH 7.2). Fab
eluted from the column as a single peak at an elution volume
corresponding to a monomer. Purity was also checked by
SDS-PAGE.

Isothermal Titration Calorimetry

ITC experiments were performed with a high sensitivity VP-
ITC microcalorimeter (MicroCal, Northampton, MA) at 25 °C.

Antibody samples were extensively dialyzed against 50 mM

sodium phosphate, pH 7.4, for 24 h at 4 °C prior to the experi-
ments. Peptides were directly dissolved in the same buffer. Pos-
sible pH variations were corrected, and the concentrations
were measured spectrophotometrically by UV absorption at
280 nm using extinction coefficients determined via the Prot-
Param algorithm based on the amino acid sequences. Protein
and peptide solutions were degassed for 10 min before
measurements.

Standard ITC Titrations—The antibody solutions (5–11 �M)
in the calorimetric cell were titrated with the corresponding
peptide (250 –500 �M) in successive injections with variable
volumes ranging from 5 to 15 �l. The corresponding heats of
peptide dilution into buffer were measured in separate blank
experiments and used to correct the binding heats. The exper-
imental isotherms were analyzed according to a binding model
of n independent and identical sites using Origin software
(OriginLab, Northampton, MA). The fit of the binding curve
yields the binding stoichiometry (n), the equilibrium binding
constant (Kb), and the enthalpy change (�Hb) of the binding
reaction. The free energy (�Gb) and entropy (�Sb) changes of
binding are determined by the basic thermodynamic expres-
sions �Gb � �RT ln Kb � �Hb � T�Sb, where R and T are the
gas constant and the absolute temperature, respectively.

Displacement Experiments—To accurately measure the
extremely high binding affinity of 2F5 IgG for the N16N pep-
tide, ITC displacement experiments were carried out. The pro-
tocol for this ITC displacement experiment requires two differ-
ent titrations: (i) a standard titration with the E7S peptide (weak
ligand) binding to 2F5 IgG and (ii) a displacement titration with
the N16N peptide (strong ligand) of 2F5 IgG in the presence of
the E7S peptide. Both titrations are performed following the
same steps. The direct titration has been described above. For
the displacement titration, 2F5 IgG (5 �M) was mixed with the
weak ligand (E7S, 230 �M) in the cell, and the mixture was
titrated with the strong ligand (N16N, 220 �M) in successive
injections of 5 �l. The corresponding heats of dilution of the
N16N peptide into the buffer were used to correct the data. The
thermodynamic parameters for the high affinity binding were
determined by fitting the binding isotherms according to the
equations developed by Sigurskjold (29) using the binding
parameters obtained for the direct titration of 2F5 IgG with the
weak ligand as reference.

RESULTS

Thermodynamics of Binding of 2F5 IgG to Its Epitope—First, a
2F5 IgG solution was titrated with the E7S peptide correspond-
ing to the core epitope of this bNAb. The ITC thermogram (Fig.
1A) shows a Kd value (1/Kb) in the micromolar range (Kd �
0.9 � 0.1 �M) for this peptide (Table 1). The number of anti-
body-binding sites was found to be close to two, as expected.
The binding enthalpy is large and negative (�10.3 � 0.4
kcal�mol�1), and the binding entropy is unfavorable (T��Sb �
�2.1 kcal�mol�1).

Then, a 2F5 IgG solution was titrated with the N16N peptide
corresponding to the functional epitope of this bNAb. The ITC
thermogram (Fig. 1B) indicates an extremely high binding
affinity of antibody 2F5 for the N16N peptide (7), which falls
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well above the proper range of the technique for an accurate
direct determination. The Kd value estimated from this exper-
iment is �3 nM, although this value has very high uncertainty.
The number of antibody-binding sites derived from the iso-
therm is two, as expected for IgG. The binding enthalpy (�Hb �
�16.4 � 0.1 kcal�mol�1) is negative and quite large for such a
small peptide.

An accurate determination of very high binding affinities (at
nanomolar levels or even higher) is quite difficult by direct ITC
titration. To overcome such a drawback, ITC displacement
experiments can extend the useful range for the association
constant determination (29, 30).

For the ITC displacement experiment (Fig. 1C), we selected
the E7S peptide. The resulting binding isotherm was fitted to a
binding competition model. The binding parameters of the E7S
peptide were fixed in the fitting using those previously deter-
mined by ITC. From this experiment, we could determine very
accurately the binding affinity for the N16N peptide (Kd �
0.82 � 0.03 nM). As expected, the number of binding sites in the
antibody found with this model was again close to two. As
expected, the binding enthalpy (�Hb � �16.4 � 0.4
kcal�mol�1) is fully coincident to that determined with the

standard ITC titration, which already provided a very accurate
value for this parameter (Table 1). These values result in �Gb �
�12.37 � 0.02 kcal�mol�1 and T��Sb � �4.0 � 0.4 kcal�mol�1,
confirming our previous conclusions about the enthalpically
driven binding of 2F5 IgG to its epitope. This is compensated by
a relatively small loss of entropy, suggesting that the configura-
tional entropy loss due to peptide immobilization dominates
the binding entropy over the hydrophobic interaction.

If we compare the thermodynamic parameters obtained with
the core or functional epitopes, we observe that the binding
enthalpy is large and negative in both cases but significantly
smaller in magnitude for the E7S peptide than for the N16N
peptide. This result indicates less extensive interactions
between the E7S peptide and the 2F5 paratope than those estab-
lished with the N16N peptide. The binding entropy is also unfa-
vorable in both cases but to a lower extent for E7S than for
N16N, consistent with a lower entropy cost associated with
peptide immobilization due the shorter peptide length.

In conclusion, the MPER epitope recognized by 2F5 IgG is
not limited to the putative core sequence (ELDKWAS). Flank-
ing residues along the MPER sequence are important to estab-
lish additional interactions with the antibody paratope,
strongly enhancing the binding affinity (31–33).

Thermodynamics of Binding of 2F5 Fab to Its Epitope—2F5
Fab solutions were directly titrated with the peptides (N16N
and E7S). The resulting binding isotherms were analyzed using
a model of binding to n independent sites (Fig. 1, A and B). The
number of binding sites of Fab resulting from the fits was close
to one for both peptides, as expected. The binding enthalpies
are �Hb(N16N) � �17.2 � 0.4 kcal�mol�1 and �Hb(E7S) �
�12.0 � 0.5 kcal�mol�1, and the dissociation constants are
Kd(N16N) � 50 � 10 nM and Kd(E7S) � 5.8 � 0.9 �M. The binding
enthalpies for Fab are quite similar to those obtained for 2F5
IgG, indicating a similar interaction between the Ig paratopes
and each of the epitopes, although the �Hb values found for Fab
are slightly more negative.

The binding affinities are much lower, however, for Fab than
for IgG under the same conditions (Table 1). The affinity of 2F5
Fab for the N16N peptide is of the same order as that reported
elsewhere for recombinant 2F5 Fab (Kd � 20 nM) (16), although
the binding enthalpy is higher in our case, possibly due to the
use of different buffer conditions. In fact, HEPES was used as
the buffer at the same pH, so the ionization heat of this buffer
may influence the observed binding enthalpy if proton
exchange is coupled to the binding process. In our case, we used
sodium phosphate buffer, which has a practically null ioniza-
tion heat, therefore providing a binding enthalpy value unaf-
fected by ionization effects. The strong decrease in affinity of
2F5 Fab for N16N and E7S can be fully ascribed to a higher
binding entropy cost, partially opposed by a slightly more favor-
able binding enthalpy.

DISCUSSION

We have characterized by ITC the thermodynamics of bind-
ing between antibody 2F5 (in both the IgG and Fab forms) and
its cognate peptide epitope. The binding of these complexes is
driven by a large negative enthalpy change and opposed by a
negative entropy change, showing typical enthalpy-entropy

FIGURE 1. ITC isotherms for the binding of bNAb 2F5 to its core and func-
tional epitope peptides. A and B, direct ITC isotherms for the binding of 2F5
(in both the IgG and Fab forms) to the E7S and N16N peptides, respectively. C,
ITC displacement isotherm for the binding of 2F5 IgG to N16N using E7S as
the weak ligand. In all panels, the symbols represent the experimental heats
measured for each peptide injection normalized per mole of injected pep-
tide. The curves correspond to the best fittings using a model of n identical
sites for the direct titrations and a binding competition model for the dis-
placement experiment.

REPORT: Thermodynamics of Binding of mAb 2F5 to Its Epitope

596 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 2 • JANUARY 10, 2014



compensation. Our results confirm previous reports conclud-
ing that the putative core epitope ELDKWAS is not sufficient
for high binding affinity but that additional flanking residues
strongly increase this affinity by the establishment of additional
interactions with the antibody. This is consistent with early
observations by limited proteolysis extending the 2F5-recog-
nized epitope to the N16N sequence (7). Moreover, there are
also close and specific contacts with residues located N-termi-
nal to the epitope core, and several residues C-terminal to the
ELDKWAS core have been observed to adopt an ordered heli-
cal conformation in the crystal structures of the complexes
between peptides and 2F5 Fab (8, 9). Our thermodynamic data
indicate that interactions established by the flanking residues
with the core contribute strongly to the favorable binding
enthalpy with a relatively small entropy penalty and therefore
suggest that these residues appear to establish interactions with
the antibody paratope that may be stronger than anticipated by
the reported crystal structures of 2F5 Fab with MPER peptides.
Nevertheless, it is unlikely that the N16N peptide encompasses
all of the antigenic elements of the 2F5 epitope. Additional
hydrophobic contacts between the long CDRH3 loop of 2F5
and residues downstream into the MPER C terminus have been
proposed to help stabilize the extended loop-bound conforma-
tion (16, 34). The CDRH3 loop has also been reported recently
to assist in the extraction of the lipid-immersed MPER prior to
tight binding (12–14). Because the MPER peptides adopt an
�-helical conformation in a membrane environment (35), the
conformational change needed for 2F5 binding should imply an
additional energy cost. Other MPER-distant gp41 regions have
been recently proposed to participate in stabilizing the anti-
genic conformation of the epitope in the lipid context (36).
Calorimetric studies with MPER peptides in a model mem-
brane environment would be needed to elucidate the thermo-
dynamic determinants of these effects.

In addition, we have measured a much higher affinity of 2F5
IgG compared with 2F5 Fab for the binding of each peptide.
The affinity for N16N is increased by �60 times, corresponding
to a binding Gibbs energy decrease of about �2.4 kcal�mol�1,
and in the case of E7S, this affinity increase is �6-fold, with a
binding Gibbs energy decrease of �1.1 kcal�mol�1. Interest-
ingly, the binding enthalpies are slightly more negative for Fab
compared with IgG by �0.8 kcal�mol�1 for N16N and �1.7
kcal�mol�1 for E7S. These differences cannot be explained
solely from the point of view of the Ab-epitope binding inter-
face at the V domain and may be attributable to a higher struc-
tural flexibility of free Fab in comparison with IgG. Upon com-
plex formation, a larger decrease in conformational flexibility

and tightening of structural interactions within the Fab domain
structure may account for the observed thermodynamic differ-
ences. This suggests that the presence of the Fc domain in the
whole 2F5 IgG contributes strongly to conformationally stabi-
lizing the binding-competent Fab domain by an allosteric
mechanism.

There are very few thermodynamic studies comparing the
Ag binding of whole Abs with that of the Fab or Fv fragments,
and they generally show similar thermodynamic magnitudes
(37–39). However, although traditionally the binding sites in
the V regions of immunoglobulins have been considered func-
tionally independent, significant binding-related allosteric
effects between the V and C regions of antibodies have also
become progressively evident. For example, Pritsch et al. (18)
demonstrated that two human Ab isotypes sharing identical V
regions bind tubulin with significantly different affinities. Put-
terman and co-workers (22) also demonstrated that anti-nu-
clear Abs with identical V regions but different C regions
exhibit diverse binding affinities for histones. Their observa-
tions reflect differences in accessibility to binding sites depend-
ing on the flexibility of the various Fab fragments in association
with different C regions and differences at the paratope level.
Dam et al. (21) also used ITC to investigate the interactions
between four monoclonal antibodies with identical V regions
and a univalent peptide Ag, providing unambiguous thermody-
namic evidence for the influence of the C region on the inter-
action of the V region with an Ag. Torres and Casadevall (23)
have proposed that electrostatic and hydrophobic interactions
resulting from differences in the microenvironment of constant
heavy chain (CH) domains (e.g. pH and ionic strength) may
affect the Ag-binding site. Additionally, the arrangement of the
Fab C domains relative to the V domains and to each other may
increase the probability of an appropriate relative orientation of
the V heavy (H) and light (L) chains, which, in turn, can shape
the Ag-binding site and affect affinity. The influence of the C
region on V region affinity and/or specificity has important
implications for the choice of isotype in therapeutic Abs and for
the creation of more effective vaccines (20). Very recently,
Casadevall and co-workers (40) studied four IgG isotypes with
identical V regions by small angle x-ray scattering, and they
provided additional evidence that the Ig V and C domains influ-
ence each other structurally and suggested that V region struc-
ture can have significant effects on the overall Ig structure. Also
significantly, differences in affinity and epitope specificity have
been described between 2F5 IgA and IgG isotypes (11), sup-
porting a role of the CH1 domain in modulating antibody affin-
ity as a consequence of differences in CH1 flexibility. Moreover,

TABLE 1
Thermodynamic parameters of the association of the N16N and E7S peptides with 2F5 IgG and 2F5 Fab
Error calculations were based on 95% confidence limits of the fits.

Complex
No. of

binding sites Kd �Hb T��Sb �Gb

nM kcal�mol�1 kcal�mol�1 kcal�mol�1

N16N-2F5 IgG 2.049 � 0.002 �3 �16.4 � 0.1
N16N-2F5 IgGa 1.72 � 0.03 0.82 � 0.03 �16.4 � 0.4 �4.0 � 0.4 �12.37 � 0.02
E7S-2F5 IgG 1.88 � 0.04 885 � 80 �10.3 � 0.4 �2.1 � 0.5 �8.25 � 0.08
N16N-2F5 Fab 1.05 � 0.01 50 � 10 �17.2 � 0.4 �7.3 � 0.5 �9.9 � 0.1
E7S-2F5 Fab 0.99 � 0.03 5800 � 900 �12.0 � 0.5 �4.9 � 0.5 �7.14 � 0.04

a Displacement ITC experiment.

REPORT: Thermodynamics of Binding of mAb 2F5 to Its Epitope

JANUARY 10, 2014 • VOLUME 289 • NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 597



using bacterial proteins A and G as probes for CH binding,
Sagawa et al. (41) demonstrated that hapten binding to the Fv
region can induce long-range conformational changes in the Fc
region of IgG. Recently, Ofran and co-workers (42) compared a
large number of free and bound antibody crystal structures to
explore possible allosteric effects associated with binding. They
detected many structural changes occurring far from the Ag-
binding site, including changes in the relative orientation of the
H and L chains in both the V and C domains; changes in the
elbow angle between the V and C domains; and quite consis-
tently, conformational changes in an intrinsically disordered
loop in the CH domain, which is implicated in the interaction
between the H and L chains. This CH1 loop is also close in space
to the hinge region connecting the CH1 domain to Fc in IgG,
and its conformational changes may affect the relative orienta-
tion between the CH1 domain versus Fc, thereby influencing
effector binding to Fc.

The results presented here provide direct evidence from a
thermodynamic point of view of the effect of the Fc region on
the immunoglobulin affinity. This and other previous evidence
support that long-range cooperative motions in the 2F5 Fab
domain may be more or less restricted by the presence or
absence of Fc mediated by the CH1 domain, and this may in
turn influence binding affinity.

In conclusion, the thermodynamic parameters determined
here for binding of bNAb 2F5 to its cognate epitope and the
results related to the involvement of the Fc region in Ab affinity
are important for understanding the structural and thermody-
namic determinants of Ag-Ab recognition and provide useful
information for the design of new therapeutics and vaccines
against HIV.
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