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Abstract
The development of an effective AIDS vaccine remains the most promising long-term strategy to
combat human immunodeficiency virus (HIV)/AIDS. Here, we report favorable antigenic
characteristics of vaccine candidates isolated from a combinatorial library of human rhinoviruses
displaying the ELDKWA epitope of the gp41 glycoprotein of HIV-1. The design principles of this
library emerged from the application of molecular modeling calculations in conjunction with our
knowledge of previously obtained ELDKWA-displaying chimeras, including knowledge of a
chimera with one of the best 2F5-binding characteristics obtained to date. The molecular modeling
calculations identified the energetic and structural factors affecting the ability of the epitope to assume
conformations capable of fitting into the complementarity determining region of the ELDKWA-
binding, broadly neutralizing human mAb 2F5. Individual viruses were isolated from the library
following competitive immunoselection and were tested using ELISA and fluorescence quenching
experiments. Dissociation constants obtained using both techniques revealed that some of the newly
isolated chimeras bind 2F5 with greater affinity than previously identified chimeric rhinoviruses.
Molecular dynamics simulations of two of these same chimeras confirmed that their HIV inserts
were partially preorganized for binding, which is largely responsible for their corresponding gains
in binding affinity. The study illustrates the utility of combining structure-based experiments with
computational modeling approaches for improving the odds of selecting vaccine component designs
with preferred antigenic characteristics. The results obtained also confirm the flexibility of HRV as
a presentation vehicle for HIV epitopes and the potential of this platform for the development of
vaccine components against AIDS.
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Introduction
An effective acquired AIDS vaccine would be a crucial component of any long-term strategy
to combat human immunodeficiency virus (HIV)/AIDS. However, designing immunogens that
can elicit effective, broadly neutralizing responses against HIV has been a surprisingly difficult
task. This highlights the need for novel alternative approaches aimed at the discovery of
effective AIDS vaccines.1 Some of the most promising target epitopes of HIV are located in
the membrane-proximal external region (MPER) of the transmembrane component of the
envelope glycoprotein gp41 of the virus. The MPER plays an important role in the process of
HIV fusion to the host cell membrane,2,3 as well as in permitting CD4-independent
transcytosis of the virus across epithelial cells at mucosal surfaces.2 These functions likely
explain sequence conservation of this region and the efficacy of antibodies directed against it.
3 Potent responses against the MPER are associated with stronger and broader neutralizing
capabilities in infected individuals,4 illustrating the value of including an MPER immunogen
in an AIDS vaccine or vaccine cocktail.

A set of epitopes has been identified in the MPER region. These are the ELDKWA epitope
(HIV-1 HxB2 gp41 residues 662–667), recognized by the particularly broadly neutralizing
human mAb 2F55 and the adjacent residues that bind the broadly neutralizing human mAb
4E106 epitope (HxB2 residues 672–679) as well as the phage display-derived mAb Z13e1 (the
IgG version of an affinity-enhanced antigen-binding fragment (Fab) of Z13).7 More recently,
two new IgMs, WR316 and WR320, have been identified that bind to this region (HxB2
residues 668–673 and 661–679, respectively) and show some degree of neutralizing activity
as well.8

In this study, we focused specifically on the ELDKWA epitope. It has been reported that
infected individuals producing neutralizing antibodies directed against the ELDKWA epitope
exhibit health benefits.9,10 While none of the immunogen-induced immune responses
generated against this region has been both broadly reactive11 and potent thus far, we believe
that presentations in which the MPER epitopes are preorganized for binding should produce
valuable immunogens that can contribute to a successful vaccine.

A promising approach for epitope presentation consists of grafting gp41 MPER epitopes of
HIV-1 onto the surface of the safe and highly immunogenic human rhinovirus (HRV),12 a
picornavirus that causes approximately 50% of common colds.4 HRV is likely to be
particularly favorable as a vaccine vehicle due to its ability to stimulate potent humoral immune
responses, including mucosal immune responses13 as well as T-cell help responses.14,15 We
have shown that HRV can accommodate a variety of foreign sequences9,10,12 in a surface loop
of the viral coat protein 2 of HRV, designated the VP2 puff.11,14 This surface loop is, in fact,
part of one of HRV's own immunogenic sites, constituting the largest of three loops forming
the neutralizing immunogenic site II (NIm-II15). We demonstrated recently that ELDKWA-
derived epitopes can be displayed on HRV in ways that stimulate neutralizing immune
responses directed against diverse pseudoisolates of HIV-1.13 These recombinant
immunogens have been among the few reported that elicit broad, albeit modest, neutralization
of HIV, and we are actively pursuing their further development with the goal of providing
protective AIDS vaccine components.

In an earlier study,16 we used computational modeling techniques to study the effect of
presentation modality on the conformational propensity of the ELDKWA epitope on the
surface of HRV. We hypothesized that those presentation constructs with the highest fraction
of epitope conformations compatible with antibody complexation would present the highest
binding affinity for 2F5, making them the most antigenic.
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The crystallographic structure of an ELDKWA-based peptide complexed with the Fab
fragment of the 2F5 monoclonal antibody (mAb)17 provided the structural target against which
we compared the ensemble of conformations generated by modeling. These studies indicated
that the length, the hydrophobic character, and the precise site of insertion of the epitope are
crucial for achieving the greatest structural similarity to the target structure.16

In the present study we have used these insights to formulate a new combinatorial library of
chimeric rhinoviruses (cHRVs) in an effort to isolate constructs with improved binding affinity
with respect to the 2F5 mAb. Immunoselection of the library with a combination of mAb 2F5
and competitive ELDKWA-based peptides resulted in the isolation of specific cHRVs
displaying greater affinity for 2F5 than previously designed constructs with respect to both
ELISA assays and direct spectroscopic determination of the equilibrium constants for antibody
binding. Computer modeling calculations showed that the increased binding affinity of these
constructs for 2F5 is correlated directly with their more favorable binding reorganization free
energies, a measure of their ability to assume conformations compatible with antibody
complexation based on the structural criteria we developed earlier.16

The results obtained confirm the flexibility of HRV as a presentation vehicle for HIV epitopes
and the potential of this platform for the development of vaccine components against HIV. In
the next section we present the results concerning the design, production, and immunoselection
of a combinatorial library of cHRVs designed according to the structural insights we presented
earlier.16 This is followed by the results of ELISA assays used to gauge the affinity of specific
isolates for 2F5 and the results of more rigorous binding constant determination using
spectroscopic measurements for the most promising cHRVs obtained including, for
comparison, an ELDKWA-based cHRV characterized previously without the use of
computational modeling.13 The results of computer simulations of the cHRVs are described
and discussed, illustrating the importance of the binding reorganization free energy in
determining the antigenic characteristics of these constructs.

Results
Design, production, and immunoselection of a new combinatorial library

A focused combinatorial library was generated on the basis of cHRV3, a chimeric HRV
predicted by computer modeling to have a favorable affinity for 2F5.16 The library encoded
the ELDKWAS core sequence flanked on either side by amino acids randomized to encode
any of the 20 commonly occurring amino acids, enhancing the chances of identifying chimeras
with favorable growth characteristics and well presented ELDKWA inserts. The entire cassette
(Table 1) was inserted between residues S158 and G163 of the VP2 protein of HRV14. The
selection of the genetic modification site was made according to previous studies directed to
display foreign sequences on loop 2 of the neutralizing immunogenic site II of HRV14.9 A
library of plasmids was obtained from the pST-LIC vector and a library of oligonucleotides.
Subsequently, in vitro transcription allowed us to produce infectious RNAs. A pool of chimeric
viruses was produced by transfection into H1-HeLa cells, and the transfection efficiency
(2.4×105 plaque-forming units/µg) was determined by counting the number of plaques
obtained after transfection. The chimeric pool was purified so that selected viruses might be
more easily purified at later stages. Viral RNAs from three recombinant viruses selected at
random were sequenced, confirming the presence of ELDKWAS sequences (data not shown).
No HRV residue N-terminal or C-terminal to the ELDKWAS core were either mutated or
deleted.

Chimeric viruses obtained from the library were propagated, purified, and immunoselected on
the basis of their ability to bind to immobilized mAb 2F5 in the presence of 0–16 pmol of
competing peptide (Ac-EQELLELDKWASSLW-NH2; described in Materials and Methods).
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The chimeric viruses thus selected grew at rates comparable to that of wild-type HRV14,
indicating that the presence of the inserts was not deleterious to their growth. We observed a
non-random preponderance of proline and glycine residues among the flanking residues on
both sides of the insert (Table 1). This might be related to structural features of the engineered
loop that affect the stability or acceptable folding of the chimeric viruses that are compatible
with the ability to bind 2F5.

Assessment of ability of cHRVs to bind mAb 2F5
ELISA experiments—To assess the ability of individual, immunoselected viruses to
recognize 2F5, we used indirect competitive ELISAs (detailed in Materials and Methods) and
tested the ability of the cHRVs to compete with a 14-mer ELDKWA-containing peptide
capable of binding to immobilized 2F5. The B–D and F virus pools were isolated after
immunoselection using 16 pmol (B), 8 pmol (C), 4 pmol (D), and 2 pmol (F) of peptide per
well. Viruses, B1, C1, D1, F1, and B2 (Table 1) have shown peptide concentration-dependent
binding to 2F5, unlike the HRV14 control (Fig. 1), demonstrating that these viruses were able
to compete with the 14-mer ELDKWA peptide for binding to 2F5. Indeed, the ELISA results
(Fig. 1) indicate that the majority of these viruses have significantly better affinity for 2F5 at
all concentrations of peptide tested than the 14-C40-1 chimeric virus, one of the most promising
vaccine constructs of this kind characterized to date. B1, selected from the most competitive
immunoselection conditions, showed the best binding to 2F5 in the competitive ELISA of all
of the individual chimeric viruses tested. Thus, B1 effectively competed with the 14-mer
peptide in preferably binding 2F5. C1 and B2 also showed high 2F5 binding affinity compared
to the other chimeric viruses tested, which also follows the pattern that the greatest competition
with peptide yielded the best binders to 2F5.

The better binding ability of chimeras derived from the combinatorial library relative to 14-
C40-1 is consistent with our earlier computational study in which we compared the
conformational propensities of the 14-C40-1 insert to that of an insert similar in size and
electrostatic character to that of B1.16 We observed that B1 had greater solvent exposure and
fit better in a docking model with the 2F5 Fab (indicating it has a higher propensity to adopt
a conformation competent for binding to 2F5 than does the 14-C40-1 chimera). In contrast, the
14-C40-1 chimera was found to be likely to form intramolecular hydrophobic interactions,
constraining the exposure of the epitope on the HRV surface.9

Fluorescence quenching experiments—We conducted fluorescence quenching
experiments (described in Materials and Methods) to obtain a more quantitative measure of
the binding affinity than could be obtained from the competitive ELISA experiments. Using
this technique, we investigated the B1 and C1 isolates, which were seen to have two of the
three most promising ELISA profiles (using the 14-C40-1 virus as a reference). Fluorescence
quenching allows accurate thermodynamic analysis of antigen–antibody binding. Quenching
efficiency is a measure of the change in the environment in the vicinity of optically active
residues (tryptophans) as the complex is formed. The fluorescence quenching titration curve
reflects the strength of the interaction of the antigen–antibody complex. Variations in the
titration curves can be attributed to differences of affinities of the chimeras for 2F5, which in
the cases tested (see below) followed the same trends as in the competitive ELISA (Fig. 1).

Fluorescence quenching measurements were supported by two control assays: increasing
concentrations of 2F5 did not alter the background fluorescence of the buffer (data not shown);
and the addition of 2F5 did not influence the emission fluorescence of wild-type HRV14. The
fluorescence quenching titration data (e.g., see Fig. 2 for B1), were well represented by a non-
linear function (described in Materials and Methods) that determines the dissociation constant
assuming monovalent binding. Bivalent binding of the antibody at the NIm-II loop has been
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excluded on the basis of distances and mutual orientation of the insertion sites on HRV1413

and the modeled structure of the Fab–virus complex (see below) in which the radial orientation
of the Fab with respect to the viral surface directs the other Fab arm of the antibody away from
the virus particle and out into solution.

The dissociation constants (Kd) for B1 (2.0±0.68 nM), C1 (23.81±12 nM) and 14-C40-1
(769.23±125 nM) were estimated from the fluorescence data. The relative binding free energies
(Table 2) were obtained from the dissociation constants as:

(1)

where  and  are the dissociation constants of the given (B1 or C1) and reference virus (14-
C40-1), respectively. For comparison, Table 2 gives the approximate binding free energies for
the B1 and C1 viruses relative to 14-C40-1 obtained from the competitive ELISA assays. The
ELISA binding free energy values are estimated on the basis of the peptide concentration
corresponding to A450=0.5 (as described in Materials and Methods). As expected, the ELISA
relative binding free energies (Table 2) slightly underestimate the relative binding free energies
measured by fluorescence quenching because the immobilization of the antibody in the ELISA
assay disables some of the virus–antibody interactions.18 Nevertheless, the ELISA and
fluorescence quenching measurements agree well in terms of the rank order of affinities to
2F5. Among the three chimeras, both measurements indicate that B1 is the strongest binder
followed closely by C1, and 14-C40-1 consistently shows a significantly reduced affinity
compared to B1 and C1.

Reorganization free energy model of observed binding affinity differences
Conformational reorganization is an important factor in protein recognition and binding. Both
binding partners incur a free-energy penalty for reorganizing the ensembles of conformations
present in their unbound forms to those compatible with complexation. Binding affinity is
enhanced when the binding partners are preorganized to assume binding-competent
conformations in their unbound forms. Minimizing the binding reorganization free energy is
particularly important in this application because, as opposed to drug design applications where
the composition of the inhibitor is optimized relative to the protein target, the epitope sequence
is fixed and cannot be varied to enhance the binding affinity.

Earlier, we hypothesized that the binding affinity of the ELDKWA epitope inserted onto HRV
for 2F5 is increased when preferentially presenting this epitope in a conformation predisposed
for binding.16 We were able to identify a set of characteristics of chimeric HRV constructs that
display the ELDKWA epitope preferentially in the same β-turn conformation as that seen in
the crystal structure in complex with 2F5.19 These characteristics, including the hydrophobic
nature and length of the insert as well the central positioning of the DKW epitope core motif
within the insert, form the design principles of the combinatorial libraries of chimeric viruses
studied in this work.

The aim of the present modeling work was to establish whether the earlier modeling
predictions16 are consistent with the measurements of the chimera:2F5 binding affinities
described here. In order to generate the corresponding conformational ensembles, the B1 and
C1 chimeric viruses were modeled by atomistic parallel molecular dynamics simulations as
described (also summarized in Materials and Methods).16 The ensembles were analyzed in
terms of the fraction of conformations compatible with 2F5 binding (described in Materials
and Methods). As discussed below, a large population of binding-competent conformations
can be related quantitatively to a high level of antibody affinity.
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The computational models for the B1 and C1 viruses were generated by homology modeling
as described in Materials and Methods. Molecular dynamics simulations were conducted using
the parallel REMD conformational sampling method (described in Materials and Methods).
20 The salient simulation results are illustrated in Fig. 3, which shows the Cα RMSD values of
the ELDKWA motif of the conformers generated at 310 K with respect to the solution NMR
structure of a 13-mer peptide containing the ELDKWA motif (1LCX)21 and the X-ray structure
of the MPER-derived 7mer peptide complexed with 2F5 (1TJG).19 The 1LCX peptide NMR
structure was reported by Biron et al. to be helical in solution,21 whereas the peptide-Fab crystal
structure contains a β-turn conformation.19 For comparison, Fig. 3 shows the same kind of
analysis for the 14-C40-1 chimeric virus which, as described,16 assumed a more extended, less
β-turn-like conformation.

The simulation results (Fig. 3) indicate that the ELDKWA epitope is quite flexible on the
surface of the chimeric HRV and that the distribution of conformations is substantially affected
by the nature and number of the flanking amino acids (compare Fig. 3a, b, and c, whose
sequences are given in Table 1). The majority of conformations from the simulated ensembles
of B1 and C1 (Fig. 3a and b) are found in the left region of the plots, indicating that they adopt
conformations similar to the target β-turn conformation more often than 14-C40-1 (Fig. 3c),
which is rarely found close to the target crystal structure.

These results mirror the binding affinity measurements given in Table 2. In agreement with
the reorganization free energy argument discussed above, the chimeras with the greatest
population of conformers resembling the target mAb-bound β-turn conformation (B1 and C1)
are those with the strongest affinity to 2F5. The ensemble of conformers of C1 is more
heterogeneous than that of B1 (demonstrated by the spread of points along the x-axis of Fig.
3a and b). Furthermore, consistent with the weaker affinity of the C1 conformers for 2F5
compared to the B1 conformers, C1 presents a slightly smaller fraction of conformers that are
similar to the bound conformation compared to B1.

To quantify these observations, we estimated the 2F5 binding free energy differences for the
three constructs, based on the corresponding fractions of conformers in proximity to the target-
bound conformation. To this end, we adopted a strict criterion of proximity (described in
Materials and Methods) that takes into account, through a backbone angle similarity measure,
the correct orientations of the side chains of the DKW epitope core motif that are critical for
the formation of the proper antigen–antibody interactions. To estimate the relative binding
affinities of the chimeras from the simulation, we express the free energy of binding, ΔGbind,
as the sum of the antigen–antibody interaction energy, ΔEint, and the binding reorganization
free energy, ΔGreorg:

(2)

where:

(3)

and P is the fraction of conformers that are structurally similar to the bound ELDKWA peptide
in complex with 2F5. Assuming that ΔEint variations are small in this case, based on the fact
that the residues involved in the epitope/2F5 paratope are the same in all three chimeric viruses,
the relative binding free energies are mostly reduced to the difference of reorganization free
energies. It follows that the relative binding free energy between viruses 1 and 2 is given by
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(4)

where P1 and P2 are the populations of the binding-competent macrostates of viruses 1 and 2,
respectively. The population of the binding-competent macrostates is computed using a
definition involving both RMSD and backbone dihedral angle deviations (see Materials and
Methods). We have confirmed that changing the threshold values of this definition has a small
effect on the computed relative binding free energy from Eq. (4). We have confirmed that the
members of the defined binding-competent ensemble closely match the target crystal structure
of the complex (1TJG) in terms of both structural and energetic features.

The computed relative binding free energies from Eq. (4) are compared to the experimental
relative binding free energies from the fluorescence quenching measurements in Table 2. The
modeling results, based on the computed reorganization free energies (Eq. (4)), reproduce the
superior binding affinity of the B1 and C1 chimeric viruses for 2F5 relative to 14-C40-1. In
general agreement with the measured values, the binding affinities of the C1 and B1 viruses
are predicted to be approximately 2 kcal/mol more favorable than that of 14-C40-1, with the
B1 virus slightly more favored than C1 (Table 2).

Model of B1:2F5 complex
We have constructed a structural model of the complex of the B1 virus with the 2F5 Fab using
the computed conformation of B1 closest to the target crystal structure. We superimposed the
ELDKWA residues of this conformation on the corresponding residues of the 1TJG crystal
structure of the peptide:2F5 Fab complex (Fig. 4). In this model the ELDKWA epitope exhibits
a remarkable shape complementarity with the 2F5 paratope, as evidenced by the amount of
buried surface area of the ELDKWA motif in the complex. The ELKDWA motif is folded in
a type I β-turn conformation that superimposes well on the crystal structure of the complex of
the ELDKWA peptide with the 2F5. The interactions between the B1 chimeric virus and the
antibody are mostly concentrated at the center of the epitope where the DKW core makes
contacts with the corresponding paratope of 2F5 (Fig. 4). The interface between the two binding
partners is predominantly hydrophobic with interaction between W666 of B1 and P98 of 2F5
and, to a lesser extent, with V100. A salt bridge between D664 of B1 and R95 of 2F5 is also
present. The main chain of D664 interacts with the aromatic ring of Y94 of the light chain.
Notably, the residues at the C-terminal end of ELDKWA assume an α-helical conformation,
previously shown to be crucial for interaction with 2F5.21,22 The model for the B1:2F5 complex
shows how binding can occur without interference with the long CDR H3 finger of 2F5, which
would otherwise prevent the formation of a high-affinity complex by clashing with the virus
capsid. A similarly good fit was observed for the model of the cHRV3 chimeric virus in
complex with the 2F5 Fab,16 indicating that, in both cases, the flanking residues induce epitope
conformations suitable for 2F5 recognition.

Discussion and Conclusions
We have analyzed the antigenic properties of isolates from a combinatorial library of HRV:HIV
chimeric viruses displaying the ELDKWA epitope of the MPER of the gp41 transmembrane
glycoprotein of HIV. The design of the library was based on the results of modeling calculations
that identified a number of energetic and steric factors affecting the conformational propensities
of the ELDKWA insert onto the HRV virus and its ability to assume conformations capable
of fitting into the complementary determinant region of 2F5. From this library, we have been
able to isolate a number of promising chimeras that bind 2F5 with greater affinity than that
obtained earlier.
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Remarkably, in a competitive ELISA, four of the five chimeras tested from this library bound
2F5 with greater affinity than one of the best binding chimeras from a previous library (14-
C40-1, which also elicited diverse neutralizing anti-HIV antibodies when immunized with an
ELDKWA-based peptide).9 Fluorescence quenching measurements showed that the best
among the chimeras analyzed, B1, binds to 2F5 400 times more strongly than does 14-C40-1.
The difference in epitope sequence between the two constructs (ALDKWA in 14C40-1 and
ELDKWA in B1 and C1) is likely unrelated to the variations in binding affinities observed in
this work because the mutation of a pseudovirus from E to A did not interfere with
neutralization.3 Molecular dynamics simulations of the B1, C1 and 14-C40-1 chimeras confirm
the crucial role of the favorable conformational propensities of the inserts that are responsible,
in part, for the corresponding gain in binding affinity.

Our results for the B1 chimera indicate a dissociation constant in the nanomolar range, similar
to that measured for the free ELDKWA peptide.17,23 This correspondence is consistent with
the reorganization free energy we propose. The present computational result, together with our
earlier analysis,16 suggests that the free peptide and the B1 epitope have similar propensities
for adopting binding-competent conformations. The key result of this work is to show that it
is possible to display the epitope on HRV in conformations favoring high-affinity binding
despite the structural restraints present at the insertion site. It is useful to compare the binding
affinities to 2F5 measured for the HRV chimeras studied in this work with those corresponding
to systems closer to the native environment. The affinity of B1 for 2F5 (Kd 2 nM) is similar to
those (Kd 0.35–1.39 nM) between the 2F5 Fab and trimeric MPER constructs designed to
mimic the intermediate conformation of gp41, which is believed to be the target of the 2F5
mAb in vivo.24,25 This correspondence between the affinity of 2F5 for the engineered HRV
chimeras and the trimeric MPER suggests, according to the conformational reorganization free
energy model proposed, that the ELDKWA epitope is displayed on B1 in a conformation
similar to that in the native environment.

The value of this work lies in the demonstration that, when properly employed, computational
tools can be a useful complement to more experimental methods of protein design26 by making
it possible to test hypotheses in silico and pursue the hypotheses with subsequent focused
experimental testing in vitro. The agreement between computed and observed binding affinities
highlights the usefulness of the free energy reorganization model in rationalizing the epitope
binding trends and confirms the validity of atomistic models as a tools to design de novo
chimeric viruses that are likely to bind well in vitro and might lead to more timely identification
of useful candidates for vaccine development.

The relative binding affinities from fluorescence quenching are greater than the corresponding
computed values (relative free energy differences of −3.50 versus −2.01 kcal/mol for B1 and
−2.02 versus −1.82 kcal/mol for C1 relative to 14-C40-1). This quantitative discrepancy can
be attributed to a number of methodological factors, including limitations of the accuracy of
the potential model used in the simulations. It could be interpreted also as an indication that
conformational reorganization of the epitope, which is the only quantity probed by the
calculations, is quantitatively important but not the only factor influencing the observed
binding free energy differences. Other factors, such as binding-interaction energies and
antibody reorganization, can contribute to variations in binding affinity. Our results indicate
that in this case differences in conformational reorganization are more important for
determining relative antibody affinities than other factors that are not modeled in the
simulations.

The prediction accuracy of the atomistic molecular dynamics simulations we have used is
limited by their ability to properly sample conformational space and by the reliability of the
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energy function. Assumptions inherent in the model concerning the solution environment (pH,
salt and cosolvent concentrations, etc.) can further limit the fidelity of computational models.

We recognize that strong binding affinity between HRV chimeric viruses and the 2F5 mAb
(antigenicity) does not guarantee the ability of the chimeras to elicit the production of
neutralizing antibodies against HIV (immunogenicity).25 For instance, the viral membrane,
which has not been considered in this work, has been hypothesized to play an important role
in the binding of the epitope to 2F5.27 Separate immunization and HIV neutralization assays
in animal models are needed to probe the immunogenicity of these chimeric viruses in eliciting
neutralizing responses against HIV.

In conclusion, this study presents the application of a computational approach to quantitatively
estimate binding affinities of chimeric viruses to the 2F5 mAb. The simulated binding affinities
agree well with both forms of spectroscopic measurements used in this study. In addition, we
have identified a chimeric HRV:HIV virus, B1, with a significantly enhanced binding affinity
(ΔΔG – 3.5 kcal/mol) relative to one of the best binding chimeras (14-C40-1) previously
characterized. The improved antigenic properties of B1 virus make this antigen a very attractive
candidate for immunogenicity studies. The molecular design of B1 has proved that it is possible
to improve the ability of antigens to bind specifically with complementary antibody based on
structural insights, which is an important part of rational vaccine design.

Materials and Methods
Cells, viruses, plasmids, and media

H1-HeLa cells5 were used for the production, propagation, titering, and immunoselection of
both wild-type HRV14 and recombinant HRV14:HIV-1 gp41 ELDKWAS chimeric viruses.
28 Media M and PA11 were used with 1–10% (v/v) fetal bovine serum for plaque isolations
and virus propagations. Dulbecco's modified Eagle medium (DMEM; Gibco, BRL, Carlsbad,
CA) was used for HeLa cell transfection experiments. The bacterial strain used for
transformation of the engineered plamids was Escherichia coli DH10B ElectroMax (Gibco,
BRL, Carlsbad, CA). The pST-LIC plasmid, which was used for all genetic engineering, differs
from the HRV-encoding p3IIST plasmid29 used earlier in the engineered region (i.e. the region
encoding the VP2 puff of the NIm-III region). In pST-LIC, the unique ApaI site was replaced
with a BseRI site that could be digested first with BseRI and then with bacteriophage T4 DNA
polymerase. This polymerase has 3′→5′ exonuclease activity in the absence of dNTPs, which
allowed us to silently engineer the HRV sequences that flank the recombinant inserts to have
an 11–15 sequence devoid of C or G residues (depending on the DNA strand) to allow the
generation of 11–15 base sticky ends (in the presence of dCTP or dGTP). This plasmid
promotes efficient mutagenesis with foreign inserts with complementary sticky ends.

Monoclonal antibodies and peptides
The broadly neutralizing human mAb 2F5 (PolyMun, Inc., Vienna), which binds the gp41
MPER epitope ELDKWA,30 was used for immunoselection and antigenicity assays. Murine
mAb 17, which binds to the neutralizing immunogenic site IA (NIm IA) of HRV14,15 was
used for ELISAs of chimeric HRV. Horseradish peroxidase-conjugated goat-anti-mouse IgG
(Cappel ICN, Irvine, CA) was used for detection of chimeric HRVs. Ac-
EQELLELDKWASSLW-NH2 peptide, synthesized by NeoMPS, Inc. (San Diego, CA), was
used for competition in ELISAs and for elution of the chimeric viruses in competitive
immunoselections.
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Design and generation of chimeric HRV14:ELDKWA library
The combinatorial library described was designed following the molecular simulation study
that led to the inception of the cHRV3 construct.16 A ligation-independent cloning method was
used in which the pST-LIC plasmid was digested with BseRI and T4DNA polymerase to
generate long sticky ends. A complementary recombinant insert was prepared for hybridization
with the plasmid by first hybridizing two DNA oligonucleotides (synthesized by IDT,
Piscataway, NJ) overlapping in the ELDKWAS-encoding region using codons preferred by
the HRV14 RNA polymerase (Fig. 5). To optimize the binding of the foreign epitope to 2F5,
the non-overlapping regions of the DNA oligomers encoded two randomized residues on each
side of the ELDKWAS sequence (Table 1). Beyond these sequences were the sequences
encoding the adjacent HRV14 residues to provide the sticky ends for hybridizing with the
plasmid. The hybridized oligonucleotides were extended (using each of the dNTPs and Klenow
DNA polymerase I (New England Biolabs, Beverly, MA)), treated with T4 DNA polymerase
(and dCTP or dGTP to generate the complementary sticky ends), and allowed to hybridize in
a 10:1 ratio with the prepared vector. Electroporation of DH10B E. coli cells was performed
using a Gene Pulser system (Bio-Rad laboratories, Hercules, CA) according to the
manufacturer's instructions (25 µF, 200 V, 200 A). Transformed cells were grown in bulk liquid
cultures at 30 °C to late log phase and then harvested using Qiagen Mini-Prep Spin Kits
(Valencia, CA). After linearizing the pools of recombinant plasmids with MluI, plasmids were
transcribed in vitro using AMBION MegaScript kits (Austin, TX). Full-length RNA transcripts
were transfected into H1-HeLa cells by electroporation (10 µL of the infectious RNAs added
to 1×107 of H1-HeLa cells in 400 µL of D-MEM and then placed in a 0.4 cm Gibco-BRL
electroporation cuvette and electroporated at 250 V, 960 µF. The resultant chimeric viruses
were harvested as described.11

Partial purification of virus libraries and viral isolates
A protocol developed by Zhang et al.31 was followed for the partial purification of the
combinatorial virus library as well as individual viruses. After three cycles of freezing and
thawing, infected cells were harvested, concentrated and the suspension was centrifuged (to
remove cell wall debris), after which the clarified lysates were subjected to treatment with
DNase I followed by ultracentrifugation (with a 30% (w/v) sucrose cushion) at 42,000 rpm for
2.5 h at 15 °C in a Beckman 45 Ti rotor. Pellets were suspended in 20 mM Tris–HCl, pH 7.4
and contained the chimeric viruses as well as some cell-derived ribosomes.

Immunoselection of viruses
Immunosorp plates (96 well; Nunc, Rochester, NY) were coated with mAb 2F5 to
immunoselect chimeric rhinovirus pools from the new library, essentially as described.12 After
incubation at 4 °C overnight, the plates were washed and blocked with 3% (w/v) gelatin in
phosphate-buffered saline (PBS). After incubation for 1 h at 37 °C, the plates were washed six
times with PBS-T (PBS containing 0.05% (v/v) Tween 20). Serial dilutions of the competing
peptide Ac-EQELLELDKWASSLW-NH2, yielding 0, 2, 4, 8, 16 pmol/well, were prepared
and 3×105 plaque-forming units of the chimeric virus library were added. The plates were
incubated for 2 h at 37 °C, washed six times with PBS-T and then 2×104 H1-HeLa cells in
medium M with 10% (v/v) FBS were added to each well. The plates were incubated for 70 h
at 34.5 °C in an atmosphere of 2.5% (v/v) CO2 and cells were harvested when they displayed
80% cytopathic effect (CPE). The harvested cells were lysed by three cycles of freezing and
thawing and then centrifuged to produce clarified virus lysates.

Plaque isolation and sequencing
Individual viral isolates were obtained as described.17 Plaque purification was done twice to
minimize contamination by additional viruses. QIAamp viral RNA purification kits were used
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to extract the viral RNA of chimeric viruses according to the manufacturer's instructions. The
resulting DNA was analyzed by electrophoresis in a 2% (w/v) agarose gel. QIAquick gel
extraction kits (Valencia, CA) were used to purify the products, which were sequenced at the
UMDNJ-RWJMS DNA Core Facility (Piscataway, NJ).

Competitive enzyme-linked immunosorbent assays (ELISAs) of chimeric viruses
Competitive ELISAs were done in triplicate using immobilized mAb 2F5 essentially as
described9 with the exception that 3×105 plaque-forming units of virus were mixed with the
14-mer ELDKWA-containing peptide in serial dilutions before being added to the immobilized
2F5 for 120 min at 37 °C. The anti-HRV14 mAb 17 was then added, incubated, and washed
before treatment with horseradish peroxidase-conjugated goat anti-mouse IgG (at a 1:10,000
dilution). This was incubated, washed, and treated with, peroxidase substrate (0.3 mg/mL
tetramethylbenzidine dissolved in 10% dimethyl sulfoxide, 0.18 M sodium citrate, pH 3.95).
The color reaction was obtained by adding H2O2 to 0.001% (v/v), and then stopped by adding
an equal volume of 4 M H2SO4, and the absorbance at 450 nm (A450) was measured. It was
expected that the presence of the competing peptide would lead to more stringent conditions,
promoting the binding of 2F5 to only those chimeras displaying ELDKWA in conformations
better resembling those of the native epitope than the peptide. The binding free energies of the
B1 and C1chimeras relative to 14-C40-1 were estimated from the ELISA data as:

where Ci is the concentration of the peptide at A450 =0.5 for the corresponding chimera. The
statistical uncertainties of the ELISA-derived ΔΔG's were obtained by error propagation.

Fluorescence measurements
Fluorescence quenching experiments were used to measure the binding constants between the
mAb 2F5 and selected chimeric viruses. The fluorescence spectra were obtained using a
spectrofluorimeter equipped with a quartz cuvette of 1 cm path length and a thermally
controlled cell holder.32 The fluorescence emission (λem) spectra were recorded from 300 nm
to 450 nm, with the path length for fluorescence excitation and emission of 5 mm, at an
excitation wavelength (λex) of 280 nm. Virus–antibody binding was monitored by changes in
the fluorescence emission intensity recorded at 370 nm. Changes in intrinsic fluorescence of
viruses and antibody fragments were used to monitor ligand binding at 25 °C by titration with
mAb 2F5. All virus and antibody solutions were prepared in 20 mM Tris–HCl, pH 7.2 made
with deionized H2O. All titrations were done with the same amounts of 2F5 added to a fixed
concentration of protein, holding the concentration of chimeric viruses B1, C1, and 14-C40-1
at 1 nM. To cover the broad range of ligand concentration, stock solutions with concentrations
of 2F5 ranging from 6.74×10−9 to 1.04×10−6 M were used. Freshly prepared 2 mL solutions
of B1, C1, and 14-C40-1 (in 20 mM Tris–HCl, pH 7.2) at the desired concentration were placed
into the cuvette, 1 µL of 2F5 solution was added and the mixture was stirred. Values are reported
as the average of two independent measurements for the experiments done in the presence of
chimeric virus (Fig. 5b). We calculated the dissociation constant (Kd) by fitting the 2F5-induced
changes in fluorescence using the following formula:32

In this relationship, I0 and I are the fluorescence emission intensity of the virus in the absence
and in the presence of antibody, respectively; I∞ is the fluorescence emission intensity of the
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virus at saturation; and [D]tot and [R]tot are the total concentrations of epitope and antibody,
respectively. The statistical standard error estimates for Kd were obtained by non-linear
regression analysis based on the error bounds of the fluorescence intensities.

Replica exchange molecular dynamics
The temperature replica exchange molecular dynamics (REMD) method33–35 as implemented
in the IMPACT computational package36 was used in this work to explore the predicted
conformational space of several peptide sequences derived from the MPER of HIV gp41 and
inserted into the HRV14 viral capsid. REMD is an advanced canonical conformational
sampling algorithm designed to help overcome the sampling problem encountered in
biomolecular simulations. It consists of running a series of MD simulations of the molecular
system in parallel over multiple processors at different temperatures. Periodically, a Monte
Carlo move is attempted, aimed at swapping atomic coordinates of one replica with those of
another. Typically, the lowest temperature replica corresponds to the temperature of interest
and the high temperature replicas allow a rapid exploration of the extent of conformational
space. In the temperature replica exchange method, efficient interconversion among low-
energy conformations occurs whereby the temperature switches from low to high, allowing
the conformation to overcome potential energy barriers and then transition to another
conformation. A new low-energy conformation can then be established when this conformation
transfers back to low temperature replicas.

Force-field and implicit solvation model
All simulations employed the OPLS-AA fixed charge all-atom force field37,38 and the
AGBNP19 implicit solvent model to mimic the water environment. Simulations using implicit
solvent models are not as computationally intensive as those using explicit solvent models.
This is particularly true for REMD simulations because far fewer replicas are needed to achieve
reasonable replica exchange rates due to the smaller system and broader overlap of the energy
distributions among replicas at different temperatures. AGBNP is an implicit solvent model
based on a novel implementation of the pairwise descreening scheme of the generalized Born
model39,40 for the electrostatic component, and a novel non-polar hydration-free energy
estimator. The non-polar term consists of an estimator for the solute solvent van der Waals
dispersion energy designed to mimic explicit solvent solute-solvent van der Waals interaction
energies in addition to a surface area term corresponding to the work required for cavity
formation. It has been used to study protein conformational equilibrium and protein allostery.
41

Model preparation
The B1 and C1 HRV14:HIV chimeric constructs investigated in this work were obtained by
insertion of gp41-derived epitopes into the βE-βF region of the so-called VP2 puff of the VP2
subunit of the HRV14 protomeric unit, the largest of three loops forming the neutralizing
immunogenic site II (NIm-II) of HRV14 (Table 1).13,14 The chimeric cHRV3 construct16

contains the sequence ELDKWAS inserted between the N160 and E161 residues of VP2,
without the removal of any HRV14 residue or the addition of any flanking residue. The new
chimeric virus library from which the B1 and C1 chimeras were isolated differs from the
cHRV3 chimera in that the two HRV residues flanking the ELDKWAS insert were randomized
instead of being limited to the HRV14 AN and EV residues (Table 1). Starting structures were
obtained by homology modeling using the program Prime42 (Schrodinger, Inc.) and the
structure of wild-type HRV14 (PDB ID 4RHV) as a structural template (97% sequence
identity). The energy-minimized models were assessed for quality using ProCheck, indicating
84.6%, 14.6%, 0.7%, and 0.1% in the most favored regions, allowed regions, generously
allowed regions, and disallowed regions of the Ramachandran plot, respectively.43
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REMD simulations of the chimeric constructs
REMD simulations of the B1 and C1 viral constructs were done to estimate the conformational
propensities of the inserts. The production REMD runs, consisting of 30 replicas with
temperatures in the range 310–495 K, were 5 ns per replica in length for a total of 60 ns for
each system. The production runs were preceded by minimization and equilibration
calculations starting with the comparative models described above. To reduce computational
complexity, the model included only the HRV14 residues (including those from the VP1 and
VP3 subunits) that contained atoms within 20 Å from any atom of the foreign insert and,
furthermore, only the 176 residues closest to the insert were allowed to move. The positions
of Cα atoms of the residues at the ends of dangling protein chains were harmonically restrained
using an isotropic force constant of 0.3 kcal mol−1Å−2. This setup prevents unfolding of the
simulated protein region at high temperature while providing a reasonable description of the
protein environment surrounding the inserted sequence. This methodology was tested by
applying it to the chimeric HRV displaying part of the HIV-1 V3 loop of the MN-III-2 chimera
studied by Smith et al.12 and by Ding et al.44 We confirmed that the main cluster of
conformations of the loop generated by REMD structurally matched that of the crystal
structure.

Algorithm to detect conformer similarity
We have used a structural criterion to select conformers of the simulated ensembles of B1, C1,
and 14-C40-1 that match closely to the ELDKWA peptide conformation bound to the 2F5 Fab
(1TJG). A conformation belongs to this binding-competent macrostate if it is within 2 Å Cα

RMSD and within 30° of the backbone angles of DKW relative to the peptide in 1TJG. This
analysis allowed us to define the population of the bound state and to estimate the free energy
of reorganization (ΔΔGcalc) from the REMD simulation. Statistical uncertainty for the
populations was obtained by means of a Bayesian inference analysis based on the counts of
binding-competent conformations and the total numbers of samples as described.45

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations used

cHRV chimeric rhinovirus

Fab antigen-binding fragment

HIV human immunodeficiency virus

HRV human rhinovirus

mAb monoclonal antibody

MPER membrane-proximal external region

NIm-II neutralizing immunogenic site II

REMD temperature replica exchange molecular dynamics
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Fig. 1.
Competitive ELISA titers illustrating the competition of a 14-mer ELDKWA-containing
peptide and a number of chimeric viruses for binding immobilized mAb 2F5. OD is the optical
density (absorbance) and [peptide] is the concentration of the competitor peptide. Error bars
represent the standard errors of the mean.
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Fig. 2.
Fluorescence intensity curve for the B1 construct, determined as a function of the 2F5 mAb
concentration, used to calculate the equilibrium dissociation constants, Kd (as described in
Materials and Methods). The non-linear fitting curve is shown in red: Q=(I – I0)/(I∞ – I0). The
corresponding curves for the C1 and 14-C40-1 constructs are similar in shape but shifted to
higher concentrations of antibody, reflecting their lower affinities compared to B1. The
goodness of fit is measured as χ2 per degree of freedom (B1, 1.01; C1, 0.98; 14-C40-1, 0.8).

Lapelosa et al. Page 18

J Mol Biol. Author manuscript; available in PMC 2011 April 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lapelosa et al. Page 19

J Mol Biol. Author manuscript; available in PMC 2011 April 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Scatter plot of the Cα RMSD values from the ELDKWA motif from the REMD ensembles of
the chimeric viruses in solution at 310 K with respect to the same motif of the peptide in the
1TJG crystal structure (x-axis) and in the 1LCX NMR structure (y-axis). The B1 and C1
structures display primarily β-turn conformations, and the 14-C40-1 structures display turn
conformations that are less similar to a canonical β-turn conformation.
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Fig. 4.
A model of the B1 chimera bound to the 2F5 Fab. (a) One of the VP2 subunits of the protomeric
unit is shown in green. The Fab has a ribbon representation, with the light chain shown in
orange and the heavy chain shown in cyan. The DKW motif of the 2F5 epitope is shown in a
stick representation. (b) Close-up view of the binding region of the modeled B1:2F5 Fab
complex. Residues of the ELDKWA motif and residues of the 2F5 within 7 Å are shown in
stick representations, and the rest are depicted as ribbons, with VP2 in green and the heavy
chain, including the H3 region, and the light chain of 2F5 shown in cyan and orange,
respectively. The HIV-1 residues are numbered according to their HIV-1 HxB2 amino acid
numbers. (c) As (b) with the modeled conformation of the ELDKWA peptide (magenta) in the
crystal structure (1TJG) superimposed.
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Fig. 5.
The DNA oligonucleotides for the forward and reverse primers used to generate the new
combinatorial library. N, equimolar fractions of A, G, C, and T; and S, equimolar fractions of
C and G.
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Table 2

Relative binding free energies of the B1 and C1 chimeric viruses to the 2F5 mAb with respect to 14-C40-1 as
measured by competitive ELISA (Fig. 1) and fluorescence quenching (Fig. 2), and as calculated

ΔGobs fluorescence (kcal/mol) ΔΔGobs fluorescence (kcal/mol) ΔΔGobs ELISA (kcal/mol) ΔΔGcalc (kcal/mol)

B1 −11.82±0.1 −3.51±1.0 −2.95±0.21 −2.01±0.51

C1 −10.36±0.1 −2.05±1.0 −1.90±0.25 −1.82±0.52

14-C40-1 −8.31±0.9 0a 0a 0a

a
Reference chimera.
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