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If we understand the structural rules governing antibody (Ab)-antigen (Ag)
interactions in a given virus, then we have the molecular basis to attempt to
design and synthesize new epitopes to be used as vaccines or optimize the
antibodies themselves for passive immunization. Comparing the binding of
several different antibodies to related Ags should also further our
understanding of general principles of recognition.

To obtain and compare the three-dimensional structure of a large number
of different complexes, however, we need a faster method than traditional
experimental techniques. While biocomputational docking is fast, its results
might not be accurate. Combining experimental validation with computa-
tional prediction may be a solution.

As a proof of concept, here we isolated a monoclonal Ab from the blood of
a human donor recovered from dengue virus infection, characterized its
immunological properties, and identified its epitope on domain Il of
dengue virus E protein through simple and rapid NMR chemical shift
mapping experiments. We then obtained the three-dimensional structure of
the Ab/Ag complex by computational docking, using the NMR data to
drive and validate the results. In an attempt to represent the multiple
conformations available to flexible Ab loops, we docked several different
starting models and present the result as an ensemble of models equally
agreeing with the experimental data. The Ab was shown to bind a region
accessible only in part on the viral surface, explaining why it cannot
effectively neutralize the virus.

© 2009 Elsevier Ltd. All rights reserved.
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Introduction

Individuals that survive a viral infection have
antibodies (Abs) capable of detecting and neutraliz-
ing subsequent attacks by the same virus. These Abs
bind antigens (Ags), often viral proteins, through

specific atomic interactions between the Ab and the
region of the Ag that it recognizes (epitope). A better
understanding of these interactions is expected to
accelerate vaccine development, since most current
vaccines are based on the generation of neutralizing
Ab responses. Recently developed technology
allows us to interrogate the immune response of
human donors recovered from a given infection,
identify all the Abs against a given Ag, and isolate,
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Abbreviations used: Ab, antibody; Ag, antigen; mAb,
monoclonal antibody; ADE, antibody-dependent

produce, and purify milligram quantities of such
Abs.' We are thus offered the chance to characterize
a panel of human Abs and try to understand which
are more effective and why, as we illustrate here as a

enhancement; ’DB, ’rotein Data Bank; CDR,
complementarity-determining region; HSQC,
heteronuclear single quantum coherence; SASA, solvent-
accessible surface area.

proof of concept.

If we understand the biochemical rules governing
Ab/Ag interactions in a given virus, then we have
the molecular basis to attempt to design and
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synthesize new epitopes to be used as vaccines,
optimize the Abs themselves for passive immuni-
zation, or design new drugs mimicking the Abs or
their effect.

The best way to study atomic interactions is to
obtain the three-dimensional structure of Ab/Ag
complexes by x-ray crystallography: an often long
process with high failure rate. However, to under-
stand general principles of Ab/Ag recognition, it
would be best to compare the binding of several
different Abs to the same Ag and, if possible,
binding of the same Ab to slightly different Ags
(mutants or pathogen variants). Indeed, studying a
single complex has further limitations, since it may
not thoroughly represent viruses with significant
variations over time or geographical distance such
as influenza, dengue, or many others.

In order to obtain and compare the three-
dimensional structure of a large number of different
complexes, it is important to have faster methods
than traditional experimental techniques. Advances
in algorithms and computing power allow us to
apply computational docking” (the process of
obtaining the structure of a complex between two
molecular components) to the study of Ab/Ag
complexes. While computational docking is fast,
the structures it provides might not be as accurate or
precise as experimental ones; however, when
searching for general rules, it is probably better to
study trends in a large panel of slightly inaccurate
structures rather than a single, highly precise
complex. This kind of analysis could then suggest
hypotheses and direct more focused experimental
efforts on specific Abs of the panel.

Several recent studies and the Critical Assessment
of Protein Interactions experiment” have shown that
computational docking can provide relatively accu-
rate solutions,” '* but it often lacks the ability to
discriminate inaccurate results; it is therefore im-
portant to experimentally validate the models.

We here propose a novel, rapid, experimentally
validated computational approach that can be used

Isolate antibodies
from recovered donors

Immunological
characterization of Abs

for the structural characterization of a large panel of
different Abs bound to the same Ag. We use an
existing program for docking, RosettaDock,'” but
improve its accuracy with rapidly obtained exper-
imental data used both to drive and to validate the
computational results. In particular, we identify
interface residues with NMR chemical shift map-
ping, which is very well suited to the characteriza-
tion of intermolecular interfaces.'® Although
conditions and exact requirements vary with differ-
ent samples, NMR data of sufficient quality can
usually be obtained in less than 24 h with 300 pl of a
100-uM sample; isotopically labeled material is
required for NMR, but we show in this article that
inexpensive nitrogen labeling is enough for satisfac-
tory results. Interpretation of the NMR mapping
results is usually achieved in less than a couple of
days, provided that NMR assignments are available.
Obtaining NMR assignments requires anything
between 2 weeks and 2 years according to the
molecule of interest, size, sample behavior, and so
forth. Once assignments of a given Ag are available,
though, the binding footprint of any Ab can be
rapidly obtained.

As a proof of concept, we apply the approach to
the complex between a human monoclonal antibody
(mAb) and a fragment of the surface protein of
dengue virus (DENV), as schematically illustrated in
Fig. 1. DENV is a flavivirus'”"'® responsible for ~100
million annual human cases,' including 500,000
hospitalizations and 20,000 deaths with an economic
burden rivaling that of malaria. Although DENV
has been mainly restricted to the tropical region,
both its epidemic activity and its geographic
expansion are increasing as travel, urbanization,
and climate changes create favorable conditions for
vector and virus dissemination,”” with an estimated
2.5 billion people at risk of infection.

No cure or vaccine for DENV is currently
available; the effort to find one has been hampered
by the presence of four different dengue serotypes
(DENV1+4) and by a poorly understood process

Fig. 1. Schematic workflow for
Ab characterization. Characterizing
a large panel of Ab/ Ag complexes is
expected to further our understand-
ing of their interaction and acceler-
ate vaccine development. As shown
here as a proof of concept, human
mAbs are isolated from donors

Biochemical characterization
(hinding aflinity, escape mutanis ete)

Structural characterization
(NMR cpitope mapping)

infected with a given virus, their
neutralization efficacy is assessed,
and they are structurally and bio-

* Structural prediction
of Ab complexes

(docking)

chemically characterized. The infor-
mation is used to drive and validate
computational docking. In an itera-
tive process, computational models
can suggest hypothesis to be tested
by new experiments.
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unique in human medicine, antibody-dependent
enhancement (ADE). Abs raised against a previous
dengue infection facilitate subsequent infection by a
different serotype and lead to dengue hemorrhagic
fever,”'™* a more severe form of the disease with
fatality rates that can surpass 20% but fall below 1%
with appropriate supportive care. This feature
complicates the task of finding a vaccine, since a
vaccine that would not protect equally against all
four serotypes would actually contribute to the
emergence of dengue hemorrhagic fever.

E protein is the principal component of the
external surface of the DENV virion and is a
dominant target of the response consisting of Abs
against DENV. Crystal structures of E protein®™ >
have shown it to be a homodimer, with each
monomer composed of three domains: DI, DII, and
DIIL, to which several neutralizing Abs bind.””*’

Large domain movements of E protein are
necessary for successful fusion of the viral mem-
brane to the host cellular membrane, leading to
infection.™ " In West Nile virus, which is closely
related to DENYV, this movement can be blocked by
an Ab binding to DIIL™

A structural comparison of several different Ab/
DI complexes could provide insightful clues on the
Ab features needed for DENV neutralization and
enhancement. Ideally, we would like to observe the
interaction of several Abs with each of the four
serotypes and would have to determine several
structures. The task, long and difficult with tradi-
tionally experimental techniques, is ideally suited to
computational studies.

Resulis and Discussion

As proof of concept, we apply a rapid, experi-
mentally validated computational approach to
obtain the structure of the complex between DIII
of DENV4 and the human mAb DV32.6, isolated
from a donor recovered from dengue infection.

In extreme synthesis, computational docking starts
with the structures of the individual components and
must face two problems: (1) finding the correct
solution, achieved by repeating the simulation
thousands of times (technically, it is a matter of
finding a global energy minimum), and (2) discrim-
inating the correct solution from the thousands of
wrong ones by use of a so-called “scoring function”.
The structure of DENV4 DIl is available®" and the Ab
can be reliably predicted by homology modeling.****
All that is needed is the amino acid sequence of the
Ag-binding region, which we can easily obtain from
the isolated mAb. Great progress has been made in
finding the correct solution whereas there is still a lot
of room for improving the scoring functions.

Computational docking can achieve precise and
accurate results

Although several papers have proven its validity,
computational docking is a relatively new and

constantly evolving technique; hence, it is worth
testing its accuracy on our system by reeroducing a
related, known experimental structure’ . [complex
between 1A1D-2 Ab and DENV2 DIII; Protein Data
Bank (PDB) code: 2R29].

Three different starting structures can be consid-
ered for the Ag: the bound conformation, that is, the
structure of DIIT in the crystallographic complex; the
unbound one, that is, DIII from the x-ray structure of
the free protein (PDB code: 1TG8); and a homol-
ogy model of DIII (hased on DENV4 DIII), which we
obtained from the I-TASSER web server.™ Similarly,
the starting Ab conformation can be taken directly
from the x-ray structure of the complex (bound) or
from homology models.

Good agreement between the docking and crystal
structure, in terms of both spatial similarity and
intermolecular contacts, is obtained when using a
bound Ab conformation with any Ag conformation
(Fig. 2). RMSD of the six complementarity-deter-
mining region (CDR) loops to the crystal structure
is 14 A when using a bound DIII, 2.6 A for
unbound, and 1.8 A for the homology model, a
rather impressive result (details in the Supplemen-
tary Material).

The above scenario does not reflect a blind
prediction, where the bound structure of the Ab is
not available. Thus, we predicted the structure of the
variable domain of 1A1D with the web servers
PIGS™ and RosettaAntibody™ and docked each
model with DENV2 DIII. Ab loops can be reliably
predicted but the main weakness lies in long CDR
loops, particularly the H3 loop, which is poorly
conserved and does not follow canonical structural
rules.”" % Models with different structures can be
generated and appear equally reliable when evalu-
ated in the context of the free Ab. In order to test the
effect of different starting structures on docking, we
thus generated 11 models of the Ab, mainly differing
in the position of the H3 and L3 loops. We then
docked each of them independently with the bound
and unbound Ag structure. The model generated
with PIGS yields docking results spatially close to
the x-ray structure of the complex; RMSD of the six
CDR loopsis 2.1 A vyhen using bound DIII, 2.7 A for
unbound, and 2.8 A when docking the homology
model of DIII. All structures, however, have
contacts between the Ag and Ab residues outside
the canonical loops. The results of the 10 models
generated with RosettaAntibody vary greatly: when
docking a bound DIII, the CDR loop RMSD to the x-
ray complex is between 2.8 and 7.1 A. It varies
between 2.4 and 6.3 A when docking unbound DIII,
instead. Curiously, although the Rosetta5 model is
the most similar to the x-ray in both the bound and
the unbound docking test, there is no correlation
between the other models in the two cases. The
model Rosetta2, for instance, has the second best
RMSD when docked to unbound DIII (3.1 A) but a
relatively poor 6.3-A RMSD when docked to bound
DIII. Users might be tempted to consider only the
first model (Rosettal) offered by the RosettaAnti-
body server, yet in this case, with RMSD of 5.0 and
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5.7 A, it provides much poorer results than other
models.

Although it is difficult to draw general conclu-
sions from a single test case, precise and accurate
results can, in principle, be obtained when docking
Abs to DIII of dengue E protein. Equally good
results are achieved when using bound, unbound,
or homology-modeled Ag structure. The choice of
starting Ab model, instead, may have a critical effect
on docking.

Generally speaking, Abs with non-standard CDR
loops would be more difficult to model and might
yield worst docking results; however, it must be
pointed out that more and more experimental Ab
structures will be available to use as reference and
that there are constant improvements in the algo-
rithms used to model protein loops.

Docking is right but we cannot know it

In the previous test case, the docking decoys were
chosen according to their similarity with the known
crystal structure. In a blind prediction, however, the
target complex is not known and the result must be
chosen according to its computational score.

In such general cases, the orientation of the Ab
can be fixed, since we know that it interacts
through the CDR loops, but the starting position
of the Ag must be randomized so that every part of
its surface has the possibility to interact with the Ab
during the docking process. The result of such a
randomized search between the 1AID model
generated with PIGS and the bound DENV2 DIII
is summarized by the plot in Fig. 2b. One decoy
(R1) has a good score and is similar to the crystal
structure (RMSD of the CDR loops, 2.1 A); howev-
er, other decoys have just as good scores but are not
accurate, as shown by the high RMSD to the
experimental structure. Clearly, the scoring func-
tion by itself cannot discriminate the right solution
(Model R1) from the wrong ones with the same
score (R2 and others).

When comparing the Ag residues in contact with
the Ab (Fig. 2¢), we can find good agreement
between the correct model and x-ray structures,
while it is not so for the inaccurate model, suggest-
ing that experimental information capable of iden-
tifying the contact residues should help to
discriminate accurate solutions. Finally, all the
computational models seem to have slightly more
contacts than the x-ray structure, suggesting that the
scoring functions favor interfaces with larger areas.
Bven so, it is promising for our intended use
(studying Ab/Ag interactions) that even models
with relatively high RMSD to the correct structure
can identify the binding region, if not specific
contacts, rather accurately.

Of course, this is just an example, and several
studies, as well as the Critical Assessment of Protein
Interactions experiment, have shown how scoring
functions can, at times, identify accurate results
among different models.”™*" Nonetheless, the inad-
equacy of the scoring function is a big limitation that

we overcome using rapid experimental results to
drive and validate the docking.

NMR epitope mapping improves the accuracy of
computational docking

The previous example demonstrates how compu-
tational docking by itself may not yet provide an
accurate result and highlights the need for improve-
ment. One obvious solution is to provide better
scoring functions, which remains one of the long-
term goals of computational docking. A better
approach, at least for now, might be to rule out
inaccurate models due to disagreement with bio-
chemical information, which should ideally be
collected rapidly so as to maintain one of the main
advantages of computational biology: speed.

Solution NMR chemical shift mapping is rapid
and extremely powerful at identifying interface
residues,*” and here we show that it is a valid tool
to improve the accuracy of computational docking.
It was used twice to study Ab/Ag interactions,*3*
but here, for the first time, we apply it to the
characterization of a full-sized human mAb, DV32.6,
in complex with its Ag, DIII from DENV4 E protein.

Briefly, the NMR signal is exquisitely sensitive to
the local chemical environment; when an Ab binds
to a protein, the chemical environment of residues at
the binding interface changes, as does signal arising
from those residues. By comparing the NMR
spectrum of DIII either free or in complex with
DV32.6 (Fig. 3a), we are able to identify which
residues are affected by Ab binding. One limitation
is that chemical shift mapping cannot distinguish
whether a residue is at the interface or if its
environment changes due to allosteric or indirect
effects; nonetheless, analysis of the mapping result
in the context of the three-dimensional structure is
usually enough to differentiate the two situations.

In a typical experiment, the DIII Ag is isotopically
labeled while the full Ab remains unlabeled. If
needed, the isolated human mAb can be enzymat-
ically cut to yield a smaller (50 kDa) Ag-binding
fragment, but we have satisfactory results even with
the full, uncut Ab despite its large molecular mass
(150 kDa). Once the NMR assignments (knowing
which protein residue produces which NMR signal)
are available,”" chemical shift mapping results for
any Ab complex can be obtained in a matter of hours
through simple and sensitive heteronuclear single
quantum coherence (HSQC) experiments. More
sophisticated techniques, such as cross-relaxation
or deuterium exchange experiments,** ™ are avail-
able to reach similar results, but direct comparison
of "N-HSQCs is the simplest and most economical
way to obtain information on intermolecular inter-
faces at the residue level.

Twenty-six Ag residues show significant chemical
shift changes upon formation of the complex
between DI of DENV4 and DV32.6; structural
considerations suggest that another residue (Q316)
should be part of the epitope but no clear NMR data
can be included due to spectral overlap. All the




