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ABSTRACT

The research presented here is part of an ongoing effort to develop an epitope-
targeted vaccine against the Human Immunodeficiency Virus type 1. We have used
phage-displayed peptide libraries, in conjunction with other biochemical and structural
techniques, to generate and characterize peptides specific for the broadly-neutralizing,
human monoclonal antibodies (Mab) b12, 2F5 and 2G12.

First, peptide ligands for Mab b12 were isolated. One peptide, B2.1, was
characterized in detail. The crystal structure of B2.1 in complex with b12 Fab was solved
and compared with a model of the antibody docked to gp120. B2.1 was used to immunize
mice, seeking to generate a bl2-like, neutralizing antibody response. Minimal structural
resemblance between the putative b12 epitope and B2.1 peptide was observed, indicating
different mechanisms of binding to b12. Moreover, the anti B2.1 response from the
immunized mice did not cross-react with gp120, further indicating this difference.

Second, we demonstrate that Mab 2F5, which binds to the sequence ELDKWA on
gp41, selects peptides with multiple, different amino acid sequences flanking its three-
residues DKW native core epitope. High-affinity binding was achieved by peptides with
unrelated flanking sequences C-terminal to the core epitope, with the nature and location
of critical bihding residues differing between peptides. Our results implicate multiple
mechanisms of binding, and suggest the existence of two distinctive functional regions in
the 2F5 paratope, one that is DK W-specific and one that is multi-specific.

Finally, a peptide ligand specific for the carbohydrate-bindirig Mab 2G12 was

1solated, characterized and optimized. The peptide competes with carbohydrate ligands
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for binding to 2G12. The crystal structure of the 2G12-peptide complex, and its
comparison with the 2G12-ManyGlcNAc, complex, shows that the peptide is not a mimic
of ManyGlcNAc,. They occupy separate sites in the antibody's paratope, with minimal
overlaping, therefore the peptide and Man,GlcNAc, make a different set of contacts with
the Mab.

In summary, we have observed that peptide mimicry of the b12, 2F5 and 2G12
epitopes is essentially functional, not structural. Our results indicate that these ligands can
be used as antibody-specific markers, and that most likely, conventional immunizations

with so-called peptide mimics will not elicit these antibodies.
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CHAPTER 1: INTRODUCTION.

1.1. Thesis format.

In this thesis, we present results produced while studying three human
monoclonal antibodies (MAbs) against Human Immunodeficiency Virus type-1 (HIV-1),
which are capable of efficiently neutralize a broad range of field isolates of HIV-1. These
antibodies (b12, 2F5 and 2G12) are attractive targets for prophylactic anti-HIV-1 vaccine
design (the aspects of the cellular immune response against HIV-1 and their relevance to
vaccine will be occasionally referred to, but not discussed here). The work reported here
has been published, or is being prepared for submission.

We have chosen to present our results in this dissertation using the "published
manuscript" format based in the characteristics of the work. The antibodies b12, 2F5 and
2G12 represent three independent identities, directed against separate and dissimilar sites
of the envelope of HIV-1. MAD bl2 reacts with a discontinuous protein epitope on
gp120, 2G12 with a unique carbohydrate epitope, and 2F5 with an incompletely-
characterized epitope that includes a continuous site on gp41. Thus, although similar
general approach has been equally employed for all three MAbs, the challenges in each
case are very specific, and so are the type and significance of the results. The "published
manuscript" format is very adequate for the independent presentation of each set of
results.

The approach we have undertaken to develop an HIV-1 vaccine involves, by
necessity, many different scientific aspects and the use of a variety of technologies,

without which the work couldn't be advanced beyond the initial phases. Successful



collaborations with other groups were established, as reflected by their contributions to
the results discussed here. The self-contained character of the chapters in the "published
manuscript” format provides a clear-cut picture of these collaborations and the way in
which specific issues were addressed.

This thesis contains a general introduction (Chapter 1), in which I have provided
background information that complements the introduction of the other chapters.
Chapters 2-5 are self-contained, and each one is devoted exclusively to one of the three
aforementioned antibodies. Chapter 2, published in The Journal of Virology 75:6692-
6699, 2001 presents the isolation of B2.1, a peptide specific for MAb b12. Chapter 3
describes functional and structural studies on the binding of B2.1 peptide to MAb b12, as
well as immunization studies in animals; it is being prepared for submission to The
Journal of Biological Chemistry. Chapter 4, published in The Journal of Molecular
Biology 338:311-327, 2004, presents the isolation and characterization of peptides
reactive with MADb 2F5, and our contribution to the identification of the 2F5 epitope.
Finally, Chapter 5, which is being prepared for submission to The Journal of Biological
Chemistry, describes the isolation, structural and functional characterization of peptide
ligands for MAb 2G12. A final chapter with general conclusions, and discussing the

results from chapters 2-5 is also included.

1.2. Summary of my contribution to Chapters 2, 3, 4 and 5.
The design and execution of the experiments presented here are not exclusively
the result of my work. I had a direct involvement in designing and eﬁ(ecuting about half of

the experiments presented in Chapter 2. Some of those experiments were performed



before I entered the PhD program, however the conclusion of the work and writing of the
paper was done as part of my studies. I had a leading role in the analysis of the results
and the writing and submission of the paper, together with Dr. M. Zwick (TSRI, La Jolla,
CA) and my supervisor, Dr. Jamie Scott. My contribution to Chapter 3 involved the
execution of one of the experiments presented, and a leading role in the analysis of the
results and the writing of the paper, in cooperation with Dr. E. Ollman-Saphire (TSRI)
and Dr. Scott. All the experiments in Chapter 4 are the result of my direct execution or
supervision; the analysis of results, and writing/submission of the paper was done in
collaboration with Dr. Scott. Results in Chapter 5 were also performed by me or under
my direct supervision, except the determination of the crystal structure. The writing of
the paper, which will be submitted from our laboratory, has been done in collaboration

with Dr. Scott and D. Calarese, from TSRI.

1.3. Phage-displayed peptide libraries.

The display of a short recombinant peptide on the surface of a filamentous phage
was first reported by George P. Smith, in 1985 (300). From that pioneering work, the
ideas of affinity selection (or "biopanning") and phage-displayed peptide libraries
(PDPLs) were rapidly developed and implemented (236, 296). A PDPL consists of
millions of independent phage clones, with each expressing a different peptide sequence,
and displaying it on the surface of the phage particle. Since the DNA sequence encoding
the peptide is cloned in frame with a phage coat protein gene, the peptide sequence can
be directly deduced from the phage DNA sequence, and target-specific clones can be

readily isolated and characterized upon affinity purification with a target molecule.



Most random peptide libraries are built in filamentous phage, like M13 and {1, or
derivatives. Display via the major coat protein (pVIII) of filamentous phage is highly
multivalent, for example, a density of recombinant peptides of up to 10 % of the total
pVIII (~ 300 copies per phage particle) can be obtained in f88-4 (294). Other libraries,
fused to the minor coat protein pllIl, display between 0-5 peptide copies per phage
particle (294). Filamentous phage are easy to work with, their biology is relatively well-
known, and they are versatile enough as to accommodate the cloning of peptide
sequences in several of their structural proteins, thus providing a range of library choices
with different properties (106, 108, 152).

The screening of PDPLs is typically carried over several consecutives rounds of
selection, which include (i) binding of the phage to the target molecule; (i) capture of
phage-target complexes; (iii) washing to remove unbound phage and (iv) the recover of
bound phage and their amplification in bacterial cells. Phage clones can be selected from
amplified pools by infection at low multiplicity of infection, and are characterized for

binding to the screening target and competition with the original antigen (1).

1.4. The concept of epitope-targeted vaccine.

Current experience in vaccine immunology indicates that protection against
infectious diseases requires the presence of multiple B- and T-cell epitopes, combined in
a single antigenic entity. Epitopes are by definition discrete sites on antigens, which can
be recognized and bound by B- or T-cells via their antigen receptors (172) (B-cell
epitopes can also bind soluble antibodies). The concerted recognition of relevant epitopes

by B and T cells serves as the basis of the adaptive immune response.



Regarding the antibody response, there are no specific rules as to the amount and
complexity of B-cell epitopes that a single antigen might contain. Antigens can be of very
diverse chemical nature, comprising small molecules with one or a few B-cell epitopes
(e.g., dinitrophenol), or large and complex molecules with hundreds of different ones
(e.g., HIV-1 glycoprotein gp120); they are all characterized by their ability to bind
antibodies. Antigens may be antigenic and immunogenic. Antigenicity refers to the
ability of an antigen to be recognized by antibodies, whereas immunogenicity applies to
its ability to elicit a specific antibody response (172). These concepts can also be applied
to describe any particular epitope; by definition, any immunogenic epitope is also
antigenic, but the reverse situation is not always true.

More than 200 years after Edward Jenner's experiments, vaccine research is still a
poorly rationalized enterprise that relies essentially on trial and error approaches. Most of
the successful vaccines so far, fall into the category of live or inactivated vaccines
(http://www .fda.gov/cber/vaccine/licvacc.htm) that share the distinction of being
composed of whole organisms, carrying hundreds of epitopes. Despite their success, a
clear disadvantage of those types of vaccines is that a significant immune response is
made against non-relevant epitopes, along with those needed to confer protection.

Epitope-targeted vaccines are aimed at the elicitation of an oligoclonal, response,
based on the use of one or a few well-defined, protective epitopes. They offer the
advantage of focusing the immune response to the pathogen's sites relevant for
protection, and minimize the generation of responses with potential detrimental effects,
like for example, antibodies that mediate infection enhancement, which have been

observed with many viruses, including HIV-1 (199, 208, 213, 256). Targeting specific



epitopes is a very general approach that, in principle, is applicable to virtually any
scenario, regardless of the chemical nature of the antigen.

The expansion and refinement of epitope discovery tools, such as PEPSCAN
(117), synthetic random peptide libraries (116) and phage-displayed peptide libraries
(236, 296), have made possible the systematic identification and characterization of
epitopes and epitope mimics relevant to many infection models, as well as the
establishment of peptide-based epitope-targeting strategies for the development of
vaccines (204). The starting element is usually a worthy antibody with a known
protective activity, usually a MADb that has been characterized in terms of bactericidal
activity, viral neutralization or protection in challenge experiments in animal models. The
antibody is then used in a combinatorial approach to isolate reactive peptides, which
ideally, will replicate or mimic the original protective site on the pathogen. These peptide
leads are subsequently characterized, often optimized, and eventually tested for their

ability to produce a protective response in an immunization model (Fig 1).

1.5. Peptide mimicry of linear, conformational and carbohydrate epitopes.

The biggest obstacle in the development of epitope-targeted vaccines that are
based on peptide mimics of neutralizing or bactericidal sites on pathogens, is the lack of a
straightforward translation of antigenic mimicry into immunogenic mimicry. It seems a
natural assumption that if an antibody binds to a particular peptide, there should be a high
likelihood that such peptide will induce such antibody upon immunization. However, that
assumption doesn't always hold true, especially for mimics of conformational protein

epitopes and carbohydrate epitopes.
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The distinction between antigenic and immunogenic mimicry may be established
as an extension of the concepts of antigenicity and immunogenicity. A peptide that
competes with molecule X for binding to the paratope of an antibody is considered a
functional antigenic mimic of molecule X (or said to be crossreactive with X), but to be
considered an immunogenic mimic, the peptide should elicit an antibody response
qualitatively similar to that elicited by molecule X. It is thought that the more an
antigenic mimic mirrors the structure of the epitope on molecule X, especially in its
contacts with the antibody's paratope, the more likely it will be an immunogenic mimic
that can elicit antibodies that crossreact with molecule X.

Antigenic mimicry of continuous and discontinuous protein epitopes by peptides
has been extensively documented with the use of peptide libraries (146, 322). Antibodies
against discontinuous epitopes dominate in most anti-protein polyclonal responses (20,
67,141, 147, 155, 193), including that against gp120 in HIV-1 infection (211). However,
peptide mimics of continuous sites are more frequently isolated from screenings with
polyclonal antibodies (69, 141, 288, 310). This may be partially due to inherent
limitations of the screening techniques, but is also a reflection of differences between the
paratopes of peptide-binding and protein-binding antibodies and their intrinsic ability to
bind peptides. A recent study analyzing 37 crystal structures of antibodies in complex
with protein or peptide antigens, found that antibodies against both antigens use
essentially the same average number of specificity-determining residues (SDRs), that is,
residues involved in direct contact with the antigen (16.6 for protein-bound and 17.2 for
peptide-bound antibodies) (8). However, recognition of peptides and proteins seems to

require different antigen-binding site topographies (190, 325), for example, it has been



observed that antibodies that contact proteins are more likely to use residues in the apical
regions of the hypervariable loops and thus to have a "flat" paratope, whereas antibodies
that contact peptides have a stronger tendency to use residues closer to the base of the
loops, located in the interior of the binding site and thus to form a "grooved" paratope (8).
These differences in paratope topography may limit the ability of protein-binding
antibodies to interact with short peptides.

Peptide mimicry of discontinuous epitopes is typically observed with non-
detectable, scarce or dispersed sequence similarity between the peptide and the cognate
protein antigen (43, 111, 154, 156, 323). Moreover, cross-reactivity between peptides
selected from libraries and continuous protein epitopes, frequently occurs with a
relatively small number of shared residues, as shown, for example, for hen egg white
lysozyme and myohemerythrin (69), glycoprotein S of murine Coronavirus (347) and E.
coli colicin A (68) (see also Chapter 4). These observations suggest that in most cases,
peptide mimicry of protein antigens is achieved in the absence of significant structural
mimicry, and is instead based on contacts different from those of the antibody/protein
pair, i.e. via functional mimicry.

The mechanism of functional mimicry is further supported by multiple precedents
of antibody promiscuity in the recognition of peptide epitopes, which show the ability of
one antibody to bind several, unrelated peptide sequences (80, 171, 195, 251, 270, 320).
Keitel et al. have provided an excellent example of peptide binding promiscuity of an
antibody in their studies with the anti-HIV-1 p24 MAb CB4-1, which binds to several
peptides of unrelated sequences, selected from a synthetic peptide library. Crystal

structures of two of the peptides in complex with CB4-1 showed different peptide



structures with occupancy of the same binding site by both peptides, mediated by
different interactions (167, 171). In an elegant extension of that study, Hoffmuller et al.
(138) evolved one peptide into the other by sequential single amino acid substitutions,
without loss of binding to CB4-1 by the intermediates. The crystal structure of one
intermediate peptide showed the establishment of new peptide-antibody contacts,
including a striking change in the orientation of the side chain of a key Leu residue of the
peptide (138).

Peptide mimicry of carbohydrate moieties also seems to occur through functional
rather than structural mechanism(s). Although not an antibody, a well-characterized
example is the case of Concanavalin A (ConA), a lectin from the jack bean (Canavalia
ensiformis), specific for Man(a_1-6)Man(a1 -3)Man tri-mannose cores in mannose-
containing carbohydrates (93, 221). ConA crystal structure in complex with a
carbohydrate ligand reveals the existence of an extended carbohydrate-binding site,
which contacts all three monosaccharide subunits of the tri-mannose core via three
discrete sub-sites (36, 81, 221). Oldenburg et al. and Scott et al. isolated ConA-binding
peptides displaying the motif YPY, by screening of octapeptide and hexapeptide PDPLs,
respectively (229, 295). Crystal structure of one peptide in complex with ConA shows
that the peptide binds in two different modes, to two sites different from the mannose and
tri-mannose binding sites (149). Moreover, a comparison with two other peptides in
complex with ConA shows a situation similar to that of MAb CB4-1 (see above), with all
three peptides bound to a common site, but with the contacting residues and interactions

rearranged depending on peptide size and sequence (150).
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For anti-carbohydrate antibodies, the only direct comparison of the structures of
an antibody in complex with the native carbohydrate epitope, and a peptide ligand, comes
from the work of Vyas et al. (330) with MAb SYA/J6, a murine IgG specific for the
polysaccharide O-antigen of the Shigella flexneri Y liposaccharide. Peptides that bind to
SYA/J6 were isolated by Harris et al. by screening of PDPLs (132). Vyas et al. solved
the crystal structure of a synthetic octapeptide bound to SYA/J6 Fab, and compared it to
that of the Fab in complex with a synthetic pentasaccharide (331). They found that the
peptide complements the shape of the antigen-binding site of SYA/J6 more closely than
does the pentasaccharide; the peptide also makes significantly more contacts with
SYA/J6, and most contacts differ between the two ligands. Another remarkable feature
was the interaction of the peptide via 14 water molecules, which mediate multiple
hydrogen bonds with the SYA/J6 Fab (330).

Thus, the evidence indicates that peptide mimicry of discontinuous protein
epitopes and carbohydrate epitopes is more functional than structural, that is, peptide
binding is satisfied by series of new interactions, with minimal mimicry of the structural
properties of the original antigen (see also Chapters 3 and 5). The implications of this for
the development of epitope-targeted vaccines are significant, since it is apparent that it
may be difficult to elicit a desired antibody response by direct immunizations with

antigenic peptide mimics of an epitope.

1.6. Epitope-targeted vaccines, the need for a combined approach.
Screening of PDPLs allows one to explore the binding of a térget to millions of

short peptides in a single experiment, therefore it is a powerful tool for the discovery and
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mapping of antibody epitopes. PDPLs have been extensively used for this purpose, and
many successful examples have been reported in the literature (reviewed in (146, 322)).
The technology has also been used for the isolation of peptide leads that can later be
evolved into vaccine candidates.

However, isolating peptide leads from PDPLs is only the initial step; very often
petides isolated from primary PDPLs display low affinities for their cognate antibodies,
thus peptides are optimized by construction and screening of semi-defined sublibraries
(86, 205). Additional decreases in affinity may be observed in some instances, if a
peptide is taken out of the context of the phage, and made as a synthetic, free peptide (58,
79, 86, 309). As a consequence, peptides are often expressed as fusion proteins, or
synthesized as multiple antigenic peptides (MAPs), with a higher valency (101, 130, 154,
262, 307).

The concept of epitope-targeted vaccines is inextricably linked with the idea of
peptide vaccines. However, as discussed in section 1.5, the basis of peptide
crossreactivity with more complex epitopes is not completely understood. It is apparent
that functional mimicry plays a predominant role in most cases, but the information is
limited due to the lack of structural data comparing antibodies bound to both the native
epitopes and peptide mimics. Whereas there are multiple examples of atomic structures
of antibodies in complex with peptides mimics of continuous epitopes in proteins (PDB
Database, http://www.rcsb.org/pdb/ (21), there are only two cases of solved structures of
antibodies bound to peptide mimics of carbohydrate antigens (330, 346). In addition,
there is not a single example of a crystal structure of a mimic of a pr‘otein conformational

site, bound to the cognate antibody (we provide the first one here, see Chapter 3).
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Collection of functional data is necessary to complement the information provided
by the atomic structures, for example, the identification of critical-binding residues in the
peptides and determination of the affinity of antibody-peptide interactions. Resolution of
crystal structures of mimics in complex with the antibody, combined with the functional
data, are very informative, and can be of great use in structure-based improvement of
peptide ligands, as has been demonstrated in previous work (19, 346).:

Antibodies produced against peptide mimics, have occasionally shown
crossreactivity with the native epitopes and even inhibited the action of pathogens (19,
55, 303, 328). More commonly, significant titers of anti-peptide antibodies are generated,
but show poor cross-reactivity with the native epitope (see Chapter 2 of this work).
Interestingly, there is not a commercial vaccine yet, based on a peptide mimic, which
indicates the need for a deeper understanding of the laws of mimicry, and illustrates the
necessity for developing and testing novel immunogen formulations, and immunization
strategies. One such immunization strategy is a prime-boost approach, in which native
antigen is used to generate a primary response, and the peptide mimics are used for
subsequent immunizations. This method has already been validated by Beenhouwer et
al., who demonstrated the generation of significant antibody titers against protective
epitopes of the glucuronoxylomannan (GXM) component of the capsular polysaccharide
Cryptococcus neoformans (19). They used a tetanus toxoid conjugate of GXM for
priming, followed by boosts with a tetanus toxoid conjugate of a high-affinity peptide
that bound to a protective antibody against GXM. Using this approach, they produced an

antibody response focused on anti-GXM protective epitopes (19).
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1.7. Human Immunodeficiency Virus type-1 (HIV-1).
1.7.1. The biology of HIV-1.

Human Immunodeficiency Virus type 1 (HIV-1) is the causative agent of the
Acquired Immunodeficiency Syndrome (AIDS), a disease of pandemic proportions with
over 40 million infected persons, and a cumulative mortality of more than 30 million
since the recognition of the disease in the early 1980s (319). The virus is transmitted by
sexual contact or contact with bodily fluids (e. g., transfusion of infected blood or sharing
contaminated needles between intravenous drug users). Based on genome sequence
similarities, primary (or clinical) HIV-1 isolates are divided into three subtypes; M
(main), N (new) and O (outlier). Group M accounts for most human infections, and it is
in turn divided into seven genetic clades and multiple circulating recombinant forms
(HIV Molecular Immunology Database, http://hiv-web.lanl.gov/content/immunology).

HIV-1 (Figure 2) is a membrane-enveloped retrovirus from the genus Lentivirus
that mainly infects human T-helper CD4" cells, monocytes and macrophages. Its genome
1s made of two copies of positive-stranded RNA, which code for several structural,
regulatory and accessory genes. The life cycle of HIV-1 is characterized by the reverse
synthesis of viral DNA by a virally-coded reverse transcriptase that uses the two genome
RNA molecules as templates, and the integration of the newly-synthesized DNA into the
host cell genome. In the most general model, infection by HIV-1 is initiated by the
recognition of its receptor, the CD4 molecule on the host cells, by the viral envelope
glycoprotein gp120 (74). Upon binding to CD4, a series of conformational changes are
induced on gp120 that result in the exposure (or formation) of the cdreceptor-binding site

(56, 159, 220, 342), which in turn interacts with the CCRS or CXCR4 coreceptors (7, 85).

14



env gp120

env gp41i

gag p17

gag p24
Membrane

RNA

-

Human Immunodetficiency
Virus — Structure

Figure 2. Cartoon representation of the HIV-1 viral particle, (www.avert.org,
reproduced with permission).
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The structural changes in gp120 induce conformational changes on the viral
transmembrane glycoprotein gp41, which releases and inserts its fusogenic region in the
host cell's membrane promoting, the apposition of the two membranes, and ultimately
cell and viral membrane fusion. After membrane fusion, the viral capsid is released to the
cell cytoplasm, the viral RNA genome is reverse transcribed, and the genomic DNA is
transported to the nucleus and inserted into the host cell genome. Once inserted, the viral
DNA is transcribed and translated; leading to the assembly of new viruses in the vicinity
of the cytoplasmic membrane. The viral progeny eventually bud from the cell as
immature viral particles, which are enveloped with the cell membrane carrying the viral
glycoproteins and multiple cellular proteins (17, 129). Alternatively, after integration into
the cell genome, the virus can remain functionally latent for long periods of time, until it
is reactivated and the infected cell becomes a virus-producer cell (299).

When HIV-1 infects a new host, it rapidly and irreversibly colonizes and
establishes a latent infection in multiple compartments of the immune system (60), thus
the host remains chronically infected. After controlling the initial viremia, the host enters
a lasting clinically asymptomatic phase that eventually leads to the onset of AIDS and
death, caused by opportunistic bacterial, fungal and viral infections. The clinically
asymptomatic phase is characterized by a remarkable diversification of the viral genome,
that reaches levels of up to 20% nucleotide sequence divergence between isolates within
one infected person (332).

HIV-1 posseses the highest genome diversity ever recorded, with estimates of
more than 10'® worldwide circulating variants (332). The virus is characterized by a very

high replication rate, with the production of approximately 10 new viruses every day, as
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estimated by studies of perturbations of the equilibrium between virus replication and
clearance using anti-retroviral drugs (reviewed in (299)). This high viral replication is
accompanied by a high mutation rate, due to the low fidelity of the RT, which
accumulates errors at a rate of 10™ per nucleotide site per generation (153, 258). The
dynamic nature of HIV-1 replication, as well as the extent of reverse transcriptase error
rate, imply that mutations at every single position of the 9500 nucleotide-long genome
can arise daily. Genotypic diversity is further increased by a large number of
recombination events per replication cycle. Recombination occurs when the reverse
transcriptase transfers between the two genomic RNA strands of the diploid virion during
reverse transcription, and generates a daughter DNA that is a mosaic of the two parental
genomes (223).

Recent findings in a coinfection model in vitro have shown that around nine and
thirty recombination events occur in T-cells and macrophages, respectively, in a single
replication cycle (184). Also, superinfection or coinfection of a cell with divergent strains
typically leads to the co-packaging of non-identical genomes in the next generation of
viruses, thus creating heterozygous virus and fueling the next diversification cycle. The
extraordinarily high level of viral diversity, together with the existence of latent virus
reservoirs in resting CD4" T-cells, are significant factors in the persistency of HIV-1 in
infected individuals and the ultimate failure of highly-active anti-retroviral therapies
(HAART) to eliminate the virus. Under prolonged treatment, drug-resistant strains are
invariably selected and eventually come to dominate the population, rendering that

therapy ineffective (62).
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It has been clearly shown that both the cellular and humoral arms of the immune
system are capable of successfully suppressing HIV-1 replication (34, 35, 110, 118, 139,
196, 201, 238). However, it has also been shown that the virus escapes the immune
system, given the persistent appearance of escape variants with mutated epitopes for both
cytotoxic T-cells (99, 158) and neutralizing antibodies (NtAbs) (2, 72, 208, 268, 334,

335), resulting in the inability of the immune system to completely clear the virus.

1.7.2. HIV-1 envelope glycoproteins: the targets of antibody-mediated neutralization.

Antibody-mediated neutralization, defined as the inhibition of viral infectivity of
host cells in an in vitro assay, results from the binding of antibodies to the virus, and
interference with the viral attachment and entry processes (237). The targets for HIV-1-
NtAbs are the functional glycoprotein spikes on the surface of the viral envelope. The
envelope spikes are responsible for the early stages of infection, mediating viral
attachment to receptor and coreceptor (mediated by gp120) and membrane fusion and
entry to the host cell (mediated by gp41) (74, 91, 159, 255).

The HIV-1 envelope spike (Figure 3) is a heterotrimer comprising three
transmembrane glycoprotein subunits (gp41) that are non-covalently associated with
three surface glycoprotein subunits (gp120) (51, 90). The envelope is synthesized as a
precursor, gpl60 (271), that is assembled into trimeric structures, transported to the
endoplasmic reticulum, glycosylated, and proteolytically processed into gp41 and gp120
subunits. The number of envelope spikes per viral particle, has been estimated at between
7 and 70, with an unknown fraction of them being functional (57, 114, 179, 253). In the

viral spike and on the surface of infected cells, gp41 is inserted on the membrane via a
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Figure 3. Cartoon representation of the HIV-1 envelope spike in the surface of the virus.
The spike is formed by three transmembrane subunits (gp41, in blue) in non-covalent
association with three surface subunits (gp120, in shades of brown). The actual structure
of the spike is not known but it is thought that gp120 prevents the exposure of most or all
of gp41 until it engages the viral receptor and coreceptor. The viral membrane is
represented in green, only a section of the 150 amino acids-long “cytoplasmic” tail of
gp41 is shown.
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transmembrane domain , with an external fragment of about 170 amino acids and an
internal (or cytoplasmic) tail of approximately 150 amino acids. The outer or ectodomain
of gp41 is divided in three main functional sub-domains: an N-terminal fusogenic peptide
responsible of inserting into the host cell membranes, and two heptad repeats that
participate in the formation of the pre-fusogenic intermediate (107, 145). In addition,
several parts of the ectodomain are responsible for interactions with gp120, and
participate in the formation of the spike (134, 192, 340).

The surface glycoprotein gp120 is heavily-glycosylated, with about one half of its
molecular weight contributed by carbohydrate. The crystal structure of a de-glycosylated
gp120 monomer core, bound to the CD4 receptor and Fab b17, solved by Kwong et al.
(176) shows a structure unrelated to any other protein structure previously described. The
protein can be divided in three general structural domains: (i) the inner domain, which is
mostly_engaged in interactions with the other gp120 subunits of the trimer and with gp41,
and thus is not exposed in the trimer; (if) the outer domain, which is heavily glycosylated,
and (7i7) the bridging sheet, which connects the inner and outer domains and participates
in the formation of the receptor-binding sites (176). A recent structure of a unliganded,
fully glycosylated SIV gp120 core revealed important differences from the HIV-liganded
core, the most remarkable of which are the absence of a formed bridging sheet domain,
the lack of properly-formed receptor and coreceptor binding sites, and the subdivision of
the inner domain into several distinct substructures that seem to move independently
from each other upon binding to CD4 (56). The differences found between the two gp120

structures underline the amount of conformational change that occurs in this subunit upon

binding to the viral receptor (56, 176).
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Epitope mapping of MAbs that bind to gp120 has led to the demarcation of a non-
neutralizing, a neutralizing and a silent face in the gp120 monomer (341). The location of
these zones roughly corresponds with the three structural domains observed in the core
gp120 structure. The non-neutralizing face overlaps with the inner domain, which is only
accessible to antibodies in the monomeric form but not in the spike. The neutralizing face
is located in and around the bridging sheet, including areas implicated in receptor and
coreceptor binding. The silent face, against which a poor antibody response is generally
elicited, overlaps with the highly-glycosylated outer domain (341).

The arrangement of gp120 and gp41 in the envelope spike is unknown; it is clear
that their structure is different from that of the monomeric subunits. Nonetheless, models
of the spike (especially gp120) have been constructed based on the available crystal
structures (56, 176, 177). The model of an unliganded trimer by Chen et al. proposes that
the three CD4-binding sites face a bowl-like cavity around a three-fold axis, at the top of
the molecule (and away from the viral membrane), and that the V1-V2 segment of one
gp120 subunit interacts with the V3 of a neighboring subunit (56). The putative structure
of gp41 in the native envelope is more difficult to picture. It is generally accepted that
gp41 undergoes dramatic conformational changes as a result of gp120 binding to the
receptor and coreceptor (107, 159). Crystal structures of the external region of gp41, after
the formatioh of the pre-fusion intermediate, reveal that the N- and C-terminal heptad
repeats associate to form a metastable six-helix bundle, which is responsible for the
apposition of the viral and cellular membranes (53, 336). In addition, structural and

biophysical evidence suggests that gp41 not only interacts with gp120 and other gp41
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subunits, but that it may also form close associations with membrane lipid bilayers (244,
245, 291, 329).

The envelope spikes that decorate the viral surface appear to have a structurally
heterogeneous character, as shown by studies of neutralizing vs. non-neutralizing
antibodies binding to virus and infected cells. Poignard et al. (253) showed that while
viral particles can be captured with both anti-gp120 neutralizing and non-neutralizing
antibodies, the binding of non-neutralizing antibodies to virus does not prevent its
subsequent neutralization by the NtAb. Herrera et al. reported that non-neutralizing
antibodies to the gp120 CD4-binding site do not interfere with neutralization by b12
(135). These results indicate that two types of envelope spikes exist on the viral surface:
one subset that may bind both neutralizing and non-neutralizing antibodies and is
urrelevant to neutralization, and a second type of spike that confers neutralization
sensitivity, and most likely represents the functional spike population that mediates
infection (135, 253). It is not known how many functional spikes are needed by a viral
particle to infect a target cell. However, it has been proposed that the binding of one
antibody molecule per spike is sufficient to neutralize the virus (237, 344). This model
postulates that every spike of the virus should be bound by antibody, rendering a total of
70 antibody molecules (237) or 7-14 (344), depending on the total number of the

spikes/particle considered by each study.

1.7.3. The neutralizing antibody response in HIV-1 infection.
NtAbs are readily produced within months after primary HIV-I infection, but

usually at low titers and mainly against autologous strains (2, 169, 187, 209, 268, 335).
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NtAb appearance has sometimes been detected early after primary infection, and
correlated with the control of viral replication during the initial stages of infection (6,
178, 274). However, more often, a clearer correlation can be established with the cellular
cytotoxic response instead, since NtAb are usually detected later, after the clearance of
the initial viremia (10, 33, 170, 191, 249). The broadening of the NtAbs response is slow
and delayed with respect to viral evolution, as shown by longitudinal studies following
neutralization patterns against autologous and heterologous viral isolates. This
diversification is apparently driven by selective pressure from the immune system over
the virus, and the constant generation of escape variants to which new antibodies are
produced (2, 72, 208, 268, 334, 335). |

Most antibodies circulating in the serum of HIV-1-infected people do not bind
intact virus (50), thus NtAb are only a small fraction of the total antibody response
against the viral proteins. It has been suggested that in natural infection, most anti-
envelope antibodies are elicited by viral debris or free gp120, which induce a response
against sites that are structurally distinct from, or inaccessible, on the trimeric envelope
spike (243). This idea is supported by differences in the antigenic and immunogenic
properties between monomeric and oligomeric envelope (18, 120, 267), and by the lack
of correlation between virus neutralization and antibody binding to monomeric gp120, as
compared to oligomeric gp120 (105, 210, 240, 286). Instead, a good correlation between
antibody neutralizing capacity and binding to spikes on the surface of infected cells has
been observed (240, 269, 286). Neutralization of HIV-1 seems to be dependent upon
antibody binding to functional spikes, irrespective of which epitope is recognized (240,

344). It has been shown that several non-neutralizing MAbs can still bind to viral
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particles or infected cells, but they apparently target a different, most likely non-
functional, subset of spikes (135, 253).

A few broadly-neutralizing monoclonal antibodies, that is, antibodies that
neutralize a wide range of circulating strains, have been isolated from infected donors
(MAbs bl12, 2F5, 2G12, 4E10) (42, 44, 305), but they seem to be rarely produced. They
represent exceptional activities found among the majority of non-neutralizing antibodies
produced, sometimes even against the same or overlapping sites. For example, many
antibodies against the CD4-binding site, which overlaps the epitope of MAb bl2, are
detected in sera from HIV-infected subjects (52,211, 317), but most of them are non-
neutralizing. Also, antibodies against the membrane-proximal external region (MPER) of
gp41, which carries the core epitopes for 2F5 and 4E10, have been repeatedly

documented in natural infection (40, 47, 83, 112, 123, 142, 216, 318, 324).

1.8. Development of antibody-based anti-HIV-1 vaccines.
1.8.1. Challenges for the development of an anti-HIV-1 vaccine.

HIV-1 infection is a public health issue of pandemic proportions. Estimates from
the Joint United Nations Program on HIV/AIDS and the World Health Organization
declared the occurrence of approximately five million new infections in the year 2004
(319). Most of the current forty million people living with HIV/AIDS are in
underdeveloped countries, with limited or no access to effective antiretroviral therapy
(319). It is clear that the long-term solution to the pandemic lies in the development of a
prophylactic anti-HIV-1 vaccine. The beneficial impact of such a vaccine would be

considerable, even in the case that it only achieves sub-optimal efficacy (i.e. 50 %).
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Unfortunately, after 20 years of intensive research, the development of an
effective vaccine is still nothing but a hope. HIV-1 is a virus that establishes very
complex and diverse interactions with its host, and although its biology is relatively well-
understood compared to other viruses, our knowledge is still insufficient even to properly
determine the correlates of protection. Historically, HIV vaccine researchers have been
divided into those arguing for a predominant role of the cytotoxic T lymphocytes (CTLs)
in protection, and those who believe that NtAbs are the key to a successful vaccine.
Protection from infection (or the lack of it) has been associated with both types of
response in multiple studies (77, 98, 197, 264, 350). However, in recent years, data have
emerged suggesting that most likely an effective vaccine should elicit a response from
both components of the immune system (297, 313). This is clearly illustrated by the high
percentage of the current vaccine trials that are directed to elicit both CTL and antibody
responses (298).

The biological property of HIV-1 to colonize the host and establish a persistent
infection is a significant factor to consider when designing vaccine candidates; it
indicates the need to achieve sterilizing immunity, that is, complete protection from
infection. Most candidates tested so far in virus challenge models in monkeys, have failed
to protect, or have conferred sterilizing immunity to only some individuals from the
challenged group. Non-sterilizing immunity, manifested in the form of reduced viral loads
and attenuated disease progression, has also been obtained in these studies, suggesting
that it too, may be an attractive goal (201, 239, 350). The benefits of a non-sterilizing
vaccine are not completely obvious though; on one hand there seems to be a clear

attenuation of the disease, with a longer asymptomatic phase; on the other, there is still
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the problem of the eventual progression to AIDS. Also, a longer asymptomatic phase, if
accompanied by changes in the sexual behavior of the immunized population (i. e.
increased risk behavior), makes the impact of a disease-attenuating vaccine more
questionable at the epidemiological level (76).

The genetic variability of HIV-1 is a major challenge for the development of an
effective vaccine (109). This is clearly reflected by the ever-evolving amino acid
sequence of the viral envelope glycoproteins, and the failure of most broadly neutralizing
MADs to neutralize every viral isolate tested (26). For a vaccine to work, it has to be able
to elicit broadly-NtAb. Both envelope glycoproteins possess regions that are relatively-
conserved between divergent isolates, and domains that display a high degree of
sequence variability. In general, NtAb responses against conserved domains (like the
CD4-binding site) are very poor, whereas responses against variable domains (like the V3
loop) are most often isolate-specific (232).

The complex structural properties of the envelope proteins are another major
obstacle for a vaccine. As discussed in section 1.7.2 the structure of the native envelope
spike is unknown, and neither its structure, nor its antigenic and immunogenic properties,
are fully replicated by monomeric (nor by trimeric) recombinants gp41 or gp120. In
principle, to elicit a response that recognizes the viral envelope in its native state, it will
be necessary to use immunogens that replicate or mimic that structure; and such an
immmunogen is not yet available. The technical difficulties associated with obtaining
envelope protein preparations that conserve the native spike structure are immense. For

example, since the interactions between gp 41and gp120 are non-coQalcnt, gpl20 has a
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high propensity to shed, resulting in the loss of the native envelope structure (114, 263,
292).

Finally, a complex group of logistical, socioeconomical and ethical issues also
conspire against the expedited development and testing of new vaccines, for example, the
lack of a simple HIV-1 infection animal model. Most vaccine tests are conducted in non-
human primates (primarily macaques), using Simian-Human Immunodeficiency Virus
(SHIV) as the challenge strains. Although the macaque-SHIV model recapitulates the
central aspects of human HIV-1 infection, and therefore may predict the efficacy of a
vaccine candidate, it has not been fully-validated yet with a successful vaccine (128).
There are still important differences regarding the short time course of the disease in
macaques, and how realistically the routes and doses of challenge mimic natural infection
in humans; also, the availability of animals for testing new immunogens is rather limited.
HIV-1 vaccine efficacy (phase III) trials are particularly challenging, since they involve
large number of individuals. The best places to conduct phase III trials are those areas
with high HIV-1 incidence, which are generally the ones with the poorest infrastructure
in place. Phase III trials are long and expensive to conduct, and require a strong
involvement and support of the governments, public health officials, the media and the

community (94).

1.8.2. Approaches for antibody-based anti-HIV-1 vaccine: a brief overview.
Traditional vaccine approaches involving attenuated or inactivated pathogen and
subunit vaccines have failed to produce an effective HIV-1 vaccine candidate in animals

or humans, so far. Non-pathogenic, genetically-altered SIV live viruses have been tested
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in monkeys, and have conferred protection to challenge. However, these attenuated
viruses eventually have regained their pathogenic potential, and have promoted
progression to simian AIDS (9, 11, 75, 337). Inactivated viral vaccines, depleted of
envelope, were tested in HIV-infected volunteers, but failed to produce convincing
evidence of efficacy (164, 183, 214). Safety issues associated with the use of attenuated
or inactivated HIV-1 have slowed the progress in this area considerably.

As has been observed in the anti-envelope antibody response during natural
infection, immunization with recombinant envelope protein subunits elicits mainly
antibodies against epitopes that are occluded in the native viral envelope, and therefore,
are non-neutralizing. These disappointing results have been consistently observed in both
animal immunizations, and human vaccine trials (104, 144, 200, 202, 298). The failure of
envelope subunit vaccines to generate a neutralizing response is now understood on the
basis of the known functional and structural properties of the viral envelope. It is clear
that, most likely, a vaccine based solely on soluble, recombinant envelope proteins will
be unable to confer protection.

The failure of traditional approaches to produce an effective HIV-1 vaccine has
prompted the exploration of novel vaccine candidates and strategies for immunization.
Considerable effort has been placed in engineering recombinant envelope proteins, with
the objective of develop immunogens that replicate the structural properties of the trimer,
and improve its immunogenicity. The association of gp41-gp120 has been stabilized by
addition of an engineered linkage of the two subunits via a de novo inter-subunit disulfide
bridge, without altering the antigenic properties of the complex (25,. 100, 293, 343).

Furthermore, mutations have been introduced in the N-terminal heptad repeat of gp41, to
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promote the formation of trimeric complexes (278). A strategy is currently being
explored of blocking immunodominant, non-neutralizing sites on gp120 by coverage of
most of its surface with carbohydrates, yet leaving the epitopes for broadly-NtAbs
exposed, (234). Other strategies have factored in the possible structural benefit of a
membrane-anchored trimer, and have therefore generated proteoliposomes incorporating
gp160 (126), viral-like particles displaying gp120 (5, 82), or have developed novel virus
inactivation protocols that preserve the antigenic features of the envelope spike (125,
272).

Vaccines using recombinant live vectors and DNA vectors carrying the HIV-1
env, gag and/or pol genes have received special attention, since they can potentially
stimulate the T and B cell branches of the immune system. Immunization studies using
live recombinant vaccinia virus have consistently generated cellular and humoral
responses (122, 143, 246). However, serious concerns remain regarding the safety of such
vaccines in immunocompromised individuals, as well as their efficacy due to high
prevalence of immunity against vaccinia virus in the smallpox-vaccinated population
(182). Other live vectors that are being explored are canarypox (61, 248), Modified
Vaccinia virus Ankara (MVA) (16), Adenovirus 5 (AdS), fowlpox virus (FPV) (73),
bacilli Calmette-Guerin (BCG) (345), Semliki Forest virus (215), and Venezuelan equine
encephalitis virus (78, 84). DNA vectors usually deliver genes coding for subunits, rather
than whole organisms. They use the transcription and translation machinery of the cells to
produce the immunogen. Trials of DNA vaccines in seronegative volunteers, have been
conducted (38, 97), and several more are currently in progress (for a'complete list of

trials see http://www.iavireport.org/trialsdb/).
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1.9. The broadly-neutralizing, human monoclonal antibodies b12, 2F5 and 2G12 as
templates for vaccine development.
1.9.1. The impact of HIV-1 broadly-neutralizing antibodies in vivo.

In spite of in vitro HIV-neutralizing activity, broadly neutralizing antibodies seem
to have a negligible effect on the long-term control of HIV-1 infection in vivo, as is
suggested by persistent viral escape, and by results from antibody transfer experiments in
severe combined immunodeficiency (SCID) mice reconstituted with human peripheral
blood lymphocytes (hu-PBL SCID mice), and infected with HIV-1 (254). Furthermore, a
Phase I study of passive 2G12 and 2F5 infusion in infected volunteers showed only
transient reductions in viral load, with the onset of neutralization escape variants for
2G12 (304). -

However, NtAbs b12, 2F5 and 2G12 have been shown to prevent or attenuate
primary infection in animal models in vivo, if these antibodies are present at sufficient
levels before or shortly after infection. Parren et al. (238) and Gauduin et al. (110)
achieved protection using MAb b12 in HIV-1-infected hu-PBL SCID mice. Mascola et
al. showed protection of rhesus macaques against intravenous challenge with SHIV, ¢y,
by a triple combination of HIVIG/2F5/2G12 (196). A second study with vaginal
challenge, achieved protection in 4 out of 5 animals treated with the triple antibody
combination (201). Baba et al. reported that the infusion of a triple combination of
MAbs 2F5, 2G12 and F105 into macaques, protected them from infection after
intravenous or oral challenge with SHIV-vpu® (12). Other studies have shown different
degrees of protection in neonate macaques (103, 139, 140), which indicate a potential

effect of NtAbs in preventing mother to child transmission.
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It has been proposed that NtAbs confer sterilizing immunity by inactivation of the
initial infecting inoculum at the primary infection site (239, 350). However, very high
concentrations of NtAb in vivo seem to be required to achieve sterilizing immunity, as
shown by Parren et al. (239). In order to protect macaques from intravaginal challenge
with the RS virus SHIV 4, using IgG1 b12, the NtAb levels needed in vivo were 400-
fold greater than the titers required to achieve 90% neutralization in vitro. For the case of
the broadly-NtAbs b12, 2G12 and 2F5, that titer translates into serum antibody
concentrations from 100 pg/ml to 1 mg/ml, which are probably not attainable by
vaccination (239). It is possible nonetheless, that sub-NtAb concentrations mediate some
protective effects, like antibody-mediated, complement-dependent cytotoxicity (CDC) or
antibody-dependent cell cytotoxicity (ADCC). Lysis of HIV-1 and HIV-infected cells by
CDC and ADCC has been documented in vitro, and has been inferred to occur in vivo (3,
136, 3(—)6, 316). ADCC has been documented with the sera of immunized animals and
humans, but a clear role in protection has not yet been established (119, 166). In general,
the results from passive antibody transfer studies show that NtAb alone can protect
against primary HIV-1 exposure, and support the idea that eliciting NtAb should be part

of an effective HIV-1 vaccine.

1.9.2. The HIV-1 broadly-neutralizing MAbs IgG1b12, 2F5 and 2G12.

A common theme of the HIV-broadly-neutralizing MAbs is their unusual
structural features. MAbs b12, 2F5 and 4E10 have each a very long CDR H3 of 18, 22
and 18 amino acids, respectively (49, 173, 284); the average length for H3 in human

antibodies 1s 13.1 amino acids (257). The long H3 have been shown to be crucial for the
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activity of b12 (357) and 2F5 (355). 2G12 has a unique structure that shows domain
exchange between the VH chains, and the formation of two additional sugar-binding sites
(46). The Nt MADs are also highly mutated, in contrast with the average number of

mutations (7.3 for V,; and 5.8 for Vk), observed in a large group of rearranged human

immunoglobulin genes (312).

1.9.2.1. The anti-CD4 binding site, Nt MAb, IgG1 b12.

MAD bl2 was isolated from a Fab phage-displayed library constructed from an
asymptomatic, HIV-1 positive donor (44). It is one of the few broadly-neutralizing
MAbs, with potent neutralizing activity against primary isolates from several genetic
clades (13, 26, 45, 70, 210). MAb b12 recognizes a highly-conserved epitope that
overlaps the CD4-binding site of gp120, it competes with other, non-neutralizing CD4
binders (212), and with soluble CD4 for binding to gp120 (13). In addition to its potent
HIV-1 neutralization activity, b12 has shown CDC and ADCC effector function activities
on HIV-1 infected cells in vitro (136).

MAD bl2 possesses a long CDR H3 of 18 amino acids, which is crucial for its
activity (357). The crystal stucture of b12, solved at 2.7 A resolution by Saphire e? al.
(284) shows that the long CDR H3 rises 15 A above the surface of the antigen-binding
site in a finger-like extended loop, which probably allows the antibody to probe the
recessed CD4-binding site of gp120. In fact, a model of b12 docked to the gp120 core
structure (284) suggests that the apical Trp residue from the H3 inserts into the CD4-
binding site cavity, in a manner similar to the Phe 43 from CD4 in the CD4-bound gp120

structure solved by Kwong et al. (176).
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Extensive mutagenesis studies in both b12 (357) and gp120 (233) have delineated
some details of their interaction, and have in general, confirmed the information provided
by the docked model. An imprint of b12 on gp120 based in the combined analysis of the
structural and mutagenesis data reveals the coverage of the CD4-binding site, and
interactions that differ from those of the non-neutralizing CD4-binding antibodies b3 and
b6. Most gp120 mutations that uniquely affect b12 binding are located towards the
neutralizing face, whereas most that only affect b3 or b6 are located in, or oriented
towards the non-neutralizing face. This observation lead to the suggestion that b12 binds
gp120 at a different angle from b3 and b6, and therefore can interact with the trimer,
whereas MAbs b3 and b6 can't (233). However only partial correspondence between
binding data and virus neutralization was observed, suggesting that the effect of the
mutations is different in the context of the spike. Amino acid substitutions in b12 showed
the importance of residues in the long H3 for b12 binding to gp120, and suggested that
the rigidity of the long H3 may be a necessary feature for proper contact with the
hydrophobic CD4-binding cavity (357).

A striking difference between b12 and other less-potently neutralizing anti-CD4-
binding site antibodies lies in their thermodynamics of binding to gp120. A recent study
by Kwong et al. (175), observed that binding of non-neutralizing MAbs specific for the
CD4-binding site, to monomeric gpl20, is associated with large unfavorable changes in
entropy, that is, a positive TAS component, which implies a negative AS. These large,
negative entropic changes indicate significant conformational rearrangements of gp120

upon antibody binding. In contrast, such large entropy changes are not observed upon
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b12 binding, suggesting that this difference may be associated to the different

neutralizing capacity of bl2 respect other anti- CD4-binding site MAbs (175).

1.9.2.2. The anti-gp41 Nt MADb, 2F5.

MADb 2F5, which recognizes the transmembrane glycoprotein of HIV-1 (gp41),
was obtained by electrofusion of peripheral blood mononuclear cells from HIV-1 infected
volunteers and the cell line CB-F7 (42, 219). It binds with high affinity to a linear site on
the MPER of gp41, with the residues D, KW forming the core of the epitope (64,
219). The core epitope is located in the MEPR, close to the viral membrane and flanked
on its C-terminal side by a stretch of highly-conserved hydrophobic residues with a high
Trp content, which adopts an alpha-helical structure in lipid micelles (291), and contains
a cholesterol-binding domain (329). The MPER of gp41 has been the focus of intense
study i—n recent years, resulting in the expansion of the epitope originally defined, from
ELDKWA(662-667) (64, 219) to NEQELLELDKWASLWN(656-671), (235);
LELDKWASL(661-669), (311) and ELLELDKWASLWN(659-671), (15). Several lines of
evidence suggest that the 2F5 epitope is better exposed after the virus has initiated the
attachment events (24, 356).

MAD 2F5 is an unusual antibod, it has an unconventional D segment, and a
remarkably long CDRH3 loop of 22 residues (173), which is important to its activity
(355). Moreover, its neutralization capacity seems to be unique among a myriad of other
antibodies directed against the MPER (40, 47, 83, 112, 123, 142, 216, 318, 324),
emulated only by another MADb, 4E10 (26, 168, 356). 2F5 efficiently neutralizes most

laboratory and primary isolates from clades A to F at relatively low concentrations (64,
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71,261, 315). A recent, detailed study conducted by Binley et al. shows that 2F5 can

neutralize primary isolates from most genetic clades, with the exception of clade C (26).
In agreement with epitope mapping results, the presence of the DKW residues on gp4l is
necessary for 2F5-mediated neutralization of HIV-1 (26, 48, 64, 261, 354). However the
DKW core seems to be insufficient to confer sensitivity to 2F5, since 2F5-resistant
isolates carrying the DKW motif have been observed (26).

Attempts to elicit 2F5 by immunization with peptides or fusion proteins carrying
the core epitope have been made by multiple groups. Muster ez al. (217) introduced the
ELDKWAS and LELDKWAS sequences in the antigenic site B of the influenza
hemaglutinin, and used the chimeric viruses to immunize mice intra-nasally. They
obtained sera that neutralized the chimeric influenza virus, and several tissue culture-
adapted HIV-1 isolates, but failed to neutralize primary HIV isolates (217, 218). Other
groups have tested the insertion of the epitope ELDKWA in the surface antigen of
hepatitis B virus (92), in different locations of the maltose-binding protein (63), in the
heavy chain of an IgG (137), and in the V3 region of gp120 expressed in recombinant,
attenuated measles virus (188). Also, DNA immunizations with plasmid constructs with
the LLELDKWASL coding-sequence inserted in the V1, V2, V3 and V4 loops of the
gp140,;5 (186) have been tested. Most studies have shown the generation of anti-
ELDKWA, ahtibodies that nonetheless, fail to neutralize primary HIV-1 isolates.
Immunizations with synthetic peptides have produced similar results (163, 203, 224).
These immunization results indicate that although 2F5 binds a linear antigenic
determinant, there are other elements involved in the formation of the immunogenic, and

very likely the neutralization 2F5 epitopes.
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Several studies have shown a lack of correlation between peptides antigenicity
and the neutralizing capacity of the antibody response against those peptides (i.e.,
improved peptide antigenicity does not translate into the generation of a neutralizing
antibody response) (163, 203, 311). Moreover, crystal structures of 2F5 in complex with
the peptides support the idea of an incomplete epitope (228, 231). According to these
crystal structures, large areas of the antibody's paratope are apparently excluded from the
interaction, most remarkably the apex of 2F5's long CDR H3; in spite of mutagenesis
results showing that residues in the H3 apex are important for 2F5 binding to gp41 and
ELDKWAS peptide, as well as for viral neutralization (355). Thus, the identification of
the full epitope able to elicit 2F5 is currently one of the most important lines of research

with this MADb.

1.9.2.3. The anti-carbohydrate Nt MAb, 2G12.

MAD 2G12 was isolated together with 2F5 and 4E10 by Buchacher et al. (42).
Initially thought to recognize a mixed protein-carbohydrate epitope formed around the
C3/V4 region of gp120 (316), it has been recently shown to react exclusively with
terminal mannoses in a cluster of high-mannose glycans on the silent face of gp120 (277,
289). The atomic structure of 2G12 alone, and in complex with the carbohydrates
ManyGlIcNAc, and with the disaccharide Mana1-2Man, has revealed a unique structure
never before seen in an antibody. The VH regions of the two Fabs undergo domain
exchange and form a novel interface that accommodates two additional Man,GlcNAc,
moietites (46). The antibody possesses an unusual, extended linear éonformation, instead

of the normal Y- or T-shaped configuration of the immunoglobulins, which has also been
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visualized by electron microscopy (46, 273). MAb 2G12 shows a high level of somatic
mutation when compared to the closest germline genes (18 mutations in the light chain
and 44 mutations in the heavy chain) with 50% of all mutations in the framework regions
(46, 173).

Carbohydrates in gp120 are known to mediate binding to several lectins, most
importantly cyanovirin (CVN), a protein isolated from the bacterium Nostoc
ellipsosporum, and DC-SIGN, a surface protein expressed by dendritic cells in humans.
Whereas CVN inhibits HIV-1 replication at nanomolar concentrations in vitro (29, 37),
DC-SIGN has been implicated in primary HIV-1 infection in facilitating transfer of the
HIV-1 by dentritic cells from the submucosa to the secondary lymphoid organs in vivo
(113, 252). Binding of 2G12 to gp120 is blocked by pre-incubation with CVN, however
2G12 is unable to block binding of CVN to gp120, indicating that 2G12 has a more
restricted binding specificity than CVN (i.e., CVN binds multiple glycans on gp120
besides the 2G12 epitope) (96, 289).

Efficient neutralization of primary HIV-1 isolates has been obtained with 2G12
(26, 71, 315). The antibody has potent ADCC activity, and mediates complement
deposition in the surface of infected cells, although no clear role in cellular lysis could be
established (316). Resistance to neutralization has been observed for isolates from clades
C and E (26) and several pediatric isolates (242). Similar to the other broadly-NtAb,

2G12 seems to be rarely-produced in infected subjects (316).
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1.10. Objectives of this work.

The work presented here constitutes the initial part of a long-term effort
undertaken in the laboratories of Dr. Jamie Scott and her collaborators, to develop an
epitope-targeted vaccine that elicits neutralizing antibodies against HIV-1. We have
chosen to use the broadly-neutralizing MAbs b12, 2F5 and 2G12 as tools to isolate
peptides leads from PDPLs, which could be further developed into effective
immunogens. As discussed above, the scientific and technical challenges of this approach
are significant.

Our research also fulfills the objective of generating specific peptide markers for
these MADbs, which may be an important tool for the detection of b12-, 2F5- and 2G12-
like antibody responses in natural infection and vaccine-evaluation trials. Indeed the
peptide B2.1, a specific marker for MAb b12 (352), has already been used for this
purpose (239). In addition, current research in our laboratory is utilizing some of the
peptide ligands described in this work along with so-called "commonly reactive"
peptides, to characterize the antibody response in acutely and chronically infected donors.

Finally, with the structural and functional characterization of our peptide ligands,
we have also intended to gain a better understanding of the basis of the peptide cross-
reactivity with carbohydrate epitopes and discontinuous epitopes on folded proteins. We
believe this to be an important issue, whose understanding may contribute significantly to

the future development of epitope-targeted vaccines.
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ABSTRACT

Human monoclonal antibody (MAb) b12 recognizes a conformational epitope that
overlaps with the CD-4-binding site of the HIV-1 envelope. MAD b12 neutralizes a
broad range of HIV-1 primary isolates, and protects against primary virus challenge in
animal models. We report here the discovery and characterization of B2.1, a peptide that
binds specifically to MAb b12. B2.1 was selected from a phage-displayed peptide library
using IgG1 b12 as the selecting agent. The peptide is a homodimer whose activity
depends on an intact disulfide bridge joining its polypeptide chains. Competition studies
with gp120 indicate that B2.1 occupies the b12 antigen-binding site. The affinity of b12
for B2.1 depends on the form in_ which the peptide is presented; b12 binds best to the
homodimer as a recombinant polypeptide fused to the phage coat. Originally, b12 was
isolated from a phage-displayed Fab library constructed from the bone marrow of an
HIV-1-infected donor. The B2.1 peptide is highly specific for b12 since it selected only

phage bearing b12 Fab from this large and diverse antibody library.
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Anti-HIV-1 neutralizing antibodies (Abs) first appear months after the viremia
that follows initial infection (187, 226). This response, however, is highly type-specific.
Neutralizing Ab responses may broaden later in the infection (39, 209), but usually
remain poor and occur sporadically in the majority of patients, including long-term
infected individuals (88, 208).

Only three broadly-conserved, neutralizing epitopes have been identified thus far
on the viral envelope; they are defined by the human monoclonal (M)Abs b12, 2G12 and
2F5. MAD b12 binds to a discontinuous epitope that overlaps with the CD4-binding site
on gp120. MAb 2G12 recognizes a complex discontinuous epitope involving the C3-V4
region of gp120 and carbohydrate (316). MADb 2F5 binds to a linear epitope on the
ectodomain of gp4! (64, 219, 314); however, the simplicity of the this epitope is
deceptive, since immunizations with recombinant influenza virus (217) or fusion proteins
bearing this epitope (92, 186) have failed to produce significant 2F5-like neutralizing Ab
responses, indicating that the native epitope on gp41 is more complex than the 6-residue
linear sequence. MAbs b12, 2G12 and 2F5 have shown in vitro neutralizing activity
against a wide variety of primary isolates (45, 64, 71, 241, 315). Moreover, passive
transfer of b12, 2F5 and 2G12 can provide sterile protection if adequate concentrations
are achieved before HIV-1 exposure. Studies with 2F5, 2G12 and HIVIG showed that
macaques were protected from intravenous (196) and vaginal (201) challenge with the

pathogenic SHIV 89 ¢PD (265). Passive immunization with IgG1 b12 protects hu-PBL-

SCID mice from HIV-1 primary isolate challenge before and shortly after intravenous
vira] challenge; (110), and macaques from vaginal challenge with pathogenic R5 SHIV

162P (239).
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The success of these passive immunization studies indicates an obvious goal in
the development of a prophylactic vaccine: to elicit Abs having neutralizing activities
similar to those of the currently-known, broadly-neutralizing MAbs (b12, 2G12 and 2F5).
Yet, all recombinant envelope-based vaccine candidates tested so far in clinical trials
have been unable to elicit significant, neutralizing responses against HIV-1 primary
isolates (66, 200, 202), even in cases in which b12, 2F5 and 2G12 bound well to the
immunizing subunit antigen, indicating that their respective epitopes are antigenic on
these forms of the envelope proteins. Furthermore, these neutralizing epitopes are not
recognized to any significant degree during natural infection; instead, as mentioned
above, serum Abs having only weak cross-neutralizing titers are typically produced. Out
of the large number of MAbs cloned from infected donors, b12, 2G12 and 2F5 are the
only ones reported so far that neutralize a broad spectrum of primary HIV-1 isolates.
Thus, although the epitopes known to mediate broad neutralization are present on
recombinant envelope proteins, and on envelope proteins produced during natural
infection, they do not elicit significant neutralizing Ab responses against primary isolates.

The low apparent immunogenicity of these neutralizing epitopes on the envelope
proteins may be circumvented if suitable small molecules mimicking them could be
generated (i.e., molecules that bind tightly to the combining sites of the neutralizing
MADs), and then presented in such a form that they elicit the cognate Abs. Our approach
in developing a vaccine against HIV-1 has been to identify peptides that are specific for
bl2, 2F5 and 2G12, and to develop these into a vaccine that will actively target the
production of broadly-neutralizing Ab responses having speciﬁcitieé that are similar to

these MAbs. This work describes the identification and characterization of a peptide that
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binds specifically to MAb b12.

We used biotinylated IgG1 b12 (44, 45) to screen a panel of 11 peptide libraries
displayed on the major coat protein of filamentous bacteriophage (pVIII), as described in
(30). Two clones, Edl and Ed2, were identified that bound b12; DNA sequencing
revealed the amino-acid sequences of their displayed peptides, as shown in Table 1. The
peptides displayed by these clones share the motif: SDLX3CI; however the Edl
sequence bears two Cys residues, whereas Ed2 bears only a single Cys whose position is
shared in both clones. Thus, a set of two phage sublibraries displaying the shared
residues, and reflecting the Cys content of the two Ed clones, was constructed following
(30). The resulting sublibraries bear the random-peptide sequences: XCX3SDLX3CI

(B1 sublibrary, two fixed Cys) and X7SDLX3CI (B2 sublibrary, one fixed Cys),

respectively. These sublibraries were screened with biotinylated IgG1 b12, yielding
phage bearing the B1 and B2 peptide sequence families shown in Table 1. All but one of
the selected phage clones bear two Cys residues, and all clones bound IgG1 b12 by direct
phage ELISA, performed as described in (30).

The deduced amino-acid sequences of the peptides displayed by the phage clones
isolated from the sublibraries revealed a more detailed consensus for both the B1 peptides
alone and the B1 and B2 peptides. Almost all clones selected from the B1 library contain
Leu followed by an aromatic amino acid (usually Tyr) N-terminal to the fixed
Ser.Asp.Leu sequence. Similarly, clones from the B2 library most often bear a
hydrophobic residue (usually Leu) followed by an aromatic one (usually Trp) at this site.
Most clones from the B2 sublibrary screening have a second Cys (selected for in the

screening). The peptide displayed by only one clone, B2.1, contains a single Cys residue;
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Table 1. Sequences and ELISA signals of peptide phage clones affinity-selected by
biotinylated IgG1 b12.

OD 405490

Clone Peptide Sequence’ IgG1 b12 Fab b12

37°C 4°C 37°C
Edl T C LW SDL RAQ CI nd nd nd
B1 library X C XX SDL XXX CI
B1.2 G C LY SDL LAT CI 1.321 0.013 0.019
B1.11 N C LY SDL TQS CI 1.236 0.016 0.018
B1.9 N C LY SDL YAR CI 1.223 0.013 0.015
B1.20 K C MY SDL LGI CI 1.153 0.012 0.021
B1.10 D C LY SDL ESR CI 0.818 0.015 0.021
B1.4 S C LY SDL LEL CI 0.750 nd nd
B1.3 E C MW SDL ELR CI 0.571 nd nd
B1.12 N C LW SDL EQF CI 0.343 nd nd
Ed2 REKRWIF SDL THT CI nd nd nd
B2 library XXXXXXX SDL XXX CI
B2.1 HERSYMF SDL ENR CI 1.236 1.071 0.219
B2.11 CSRNQLW SDL HGS CI 1.207 0.012 0.016
B2.12 NNQGCLW SDL TAS CI 1.189 0.013 0.017
B2.18 STTRCTW SDL YDS CI 1.141 0.011 0.016
B2.8 QSSSCMW SDL FQQ CI 0.992 0.016 0.018
B2.6 AQKQCTW SDL LSR CI 0.903 0.019 0.018
B2.7 RPCRGVY SDL LDK CI 0.886 0.016 0.020
B2.10 SSDHCLW SDL TMT CI 0.644 nd nd
B23 LPSSCSW SDL LNR CI 0.276 nd nd
B2.15 HTCAGTW SDL LST CI 0.252 nd nd
gp120 positive control 1.121 0.863 1.166
£88-4 negative control 0.075 0.014 0.019

# Bold residues indicate the fixed residues in the sublibraries

nd indicates the experiment was not done
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this peptide sequence shares similarities with those of other clones from the B2
sublibrary, and even more similarity to the Ed2 sequence, in the region N-terminal to the
fixed Ser.Asp.Leu sequence. The B2.1 phage was significant in binding more tightly to
b12 than the other clones. ELISA signals for almost all the clones were strong in assays
performed with IgG1 b12; whereas binding was much reduced in assays using Fab b12
when reacted with phage at 40C, and still lower when reacted at 370C (Table 1). Fab bl2
bound only the B2.1 and Ed2 peptides with signals above background, and in a side-by-
side titration experiment it was further demonstrated that binding of b12 to B2.1
significantly stronger than to Ed2 (data not shown), so the Ed2 peptide was not further
characterized.

The ability of the B2.1 peptide to bind to the antigen-binding site of b12 was
assessed in a competition ELISA. Biotinylated IgG1 b12 (1 nM) was pre-incubated

either with gp120B3-1 (100 nM) and reacted with plate-adsorbed B2.1 phage. Results in
Figure 1 show that gp120 blocked the binding of IgG1 b12 to immobilized B2.1 phage,
indicating that the peptide binds to the antigen-binding site of IgG1 b12. The binding to
B2.1 phage was also blocked by B2.1 synthetic peptide (300 mM), non-biotinylated IgG1
(100 nM) and the recombinant B2.1 phage, but not by f88-4 phage or the unrelated
synthetic peptide, G45B.

The specificity of the B2.1 peptide for b12 was also assessed. MADb b12 was originally
isolated from a phage-displayed Fab library constructed from the bone marrow of the
HIV-1-infected donor, M, and subsequently screened with recombinant gp120 (44). To
study the specificity of the B2.1 peptide for b12, we tested whether B2.1 would select

phage bearing b12 out of the repertoire of expressed Fabs from donor M. Table 2 shows
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Figure 1. Binding of biotinylated IgG1 b12 to B2.1 phage (B2.1 ¢) and B2.1 synthetic
peptide (B2.1 pep) by ELISA. Competition for IgG1 b12 binding to plate-adsorbed B2.1
phage by “in solution” competitors: 2 x 1010 B2.1 phage, 300 uM B2.1 synthetic
peptide, 100 nM gp120 Ba-L (gp120), f88-4 phage (f88 ¢) and G45B unrelated peptide
(G45B, sequence is VERSKAFSNCYPYDVPDYASLRS). BSA is bovine serum
albumin and n. c. indicates no “in solution” competitor.
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that yields of 10" % were obtained after four rounds of panning the M phage library on
B2.1 phage. Moreover, the Fabs from all twelve independent phage clones that were
sequenced from this phage pool were identical to bl2. Thus, even though the M library
contains a large number of other Fabs that recognize the CD4-binding site of gp120 (14),
B2.1 selected only phage bearing the Fab b12.

To produce synthetic peptides bearing the B2.1 sequence, we investigated the
condition of the thiol group of the single Cys residue that is present in the B2.1 sequence.
As multiple copies of the peptide-pVIII fusion protein are incorporated into the phage
coat, the single Cys residue of B2.1-pVIII may potentially be in a reduced form (as a
reduced thiol group) or disulfide-bridged to a second copy of the B2.1-pVIII fusion
protein. If the B2.1 peptide-pVIII fusion protein existed as a homodimer on the phage
surface, it would have roughly twice the molecular weight of the pVIII monomer. Thus,
B2.1 phage were analyzed by SDS-PAGE using Tris-Tricine buffer as described (358).
Phage samples were initially treated with the thiol-reactive reagent, N-ethylmaleimide
(NEM) (Figure 2A) which blocks free thiols that might be present on the phage coat, and
would prevent the formation of pVIII dimers after solubilization of the phage coat
proteins with heat and SDS. Hence, if B2.1-pVIII fusions bear free thiols and are
monomeric, reaction with NEM should prevent them from dimerizing after dissociation
of the phage. Alternatively, if the B2.1-pVIII fusions exist on the phage coat as dimers
(produced by disulfide bridging between displayed B2.1 peptides), treatment of the phage
with NEM, followed by boiling in the presence of SDS, should not affect their migration
as dimers. The results shown in Figure 2A reveal that the recombinant pVIII from B2.1

phage migrates as a dimer that is not affected by NEM treatment; whereas it migrated as

47



Table 2. Percent yields for four successive rounds of affinity selection of the phage-
displayed Fab library M with B2.1 phage.

Round Immobilized on plate  Input (TU x 10°)  Output (TU x 10") % Yield
1 B2.1 phage 62 4.8 9.2x10°
f88-4 phage 62 40 7.8 x 107
p120 62 9.6 1.8 x 10*
2 B2.1 phage 6.6 24 3.6x 107
f88-4 phage 6.6 1.6 24x10%
gpl20 6.6 140 2.1x 107
3 B2.1 phage 2.1 14 6.8 x 107
f88-4 phage 2.1 14 6.8x 107

. op120 2.1 3200 15
4 B2.1 phage 2.7 400 1.5x 10"
£88-4 phage 2.7 19 8.8 x 10°
2p120 2.7 110 4.1 x 10"

For the panning, 400 ng of gp120g:, and 5x10'°recombinant B2.1 or f88-4 phage were
immobilized to the plate. Input and output phage are given in ampicillin-resistant
transfecting units (TU)
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+DTT -DTT +NEM +NEM {88 +DTT -DTT 88 +DTT -DTT 88
+DTT

Figure 2. SDS-PAGE analysis of the £88-4 wild type phage (f88) and recombinant B2.1
phage (all others). Phage were untreated or treated with dithiothreitol (DTT), N-
ethylmaleamide (NEM) or NEM followed by DTT, then analyzed by SDS-PAGE.
Monomeric (M) and dimeric (D) recombinant pVIII are shown. Similar gels were either
silver stained or the proteins were transferred to a membrane and subjected to western
blotting with anti-phage Ab or I[gG1 bl2. Silver-stained gel (A); western blot using IgG1
b12 to show the reactive dimer (B); western blot using rabbit anti-phage Ab to show the
wild type and recombinant pVIII proteins (C).
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a monomer in samples treated with the reducing agent dithiothreitol (DTT). Samples
sequentially treated with NEM and DTT also behaved as monomers. This proves that
most or all of the B2.1 peptide displayed on the phage surface is homodimeric.

In contrast to the B2.1 dimers, the clones that display peptides containing two Cys
residues produced monomer or, less often, a mixture of monomer and dimer, with
monomers predominating (data not shown). This result suggests that, as opposed to
B2.1, these clones bear mostly intra-chain disulfide bridges, consistent with the results of
Zwick et al. (358). Their survey of phage displayed peptides bearing one and two Cys
residues showed that almost all containing two Cys residues are cyclic, whereas all of
those bearing a single Cys residue form homodimers.

The requirement for an intact disulfide bridge for the antigenicity of B2.1, and of
clones bearing cyclic peptides, was assessed by western blot experiments (131), using
IgG1 b12 or rabbit, polyclonal anti-phage Ab for detection. Figure 2B shows that IgG1
b12 binds only to the B2.1-pVIII fusion in its dimeric form. Staining with IgG1 b12 was
present at the site of the dimer, but not at the monomer; whereas both forms were
detected by anti-phage Ab (Figure 2C). A clone selected from the B1 sublibrary, bearing
a peptide-pVIII fusion containing two Cys residues, was also tested by western blot with
IgG1 bl2. It produced a much weaker band than that of the B2.1 phage, whereas blotting
with anti-phage Ab produced a recombinant band with similar intensity to the B2.1 clone
(data not shown). This supports the conclusions drawn from the ELISA data (Table 1),
indicating that IgG1 b12 does not bind as tightly to peptides containing two Cys residues
as it does to the B2.1 homodimer. Moreover, as with B2.1 homodimer, reduction by

DTT of the intra-chain disulfide bridge of clones containing peptides bearing two Cys

50



residues ablated b12 binding in ELISA; thus, disulfide-bridging is also required for their
antigenicity (data not shown).

The location of the Cys residue (and hence the disulfide bridge) in the B2.1
sequence is crucial to its reactivity with b12. Phage bearing mutations in the B2.1
peptide sequence were prepared, and assayed for their ability to bind IgG1 b12 and to
produce homodimer and/or monomer bands on analysis by SDS-PAGE. As shown in
Table 3, substitution of Cys14 with Ser ablated dimer formation and Ab binding.
Interestingly, substitution of Ser4 with Cys ablated binding, regardless of whether the
residue at position 14 was Cys; even the dimeric form of this mutant peptide did not bind
b12 significantly. Thus, the antigenicity of B2.1 is strongly affected by the presence and
location of the disulfide bridge that produces homodimers.

To study the affinity of the B2.1 homodimer out of the context of the phage coat,
a synthetic version of the B2.1 peptide was prepared as a disulfide-bridged homodimer,
with the sequence: NH3-HERSYMFSDLENRCIAAEGK-NH2 (Multiple Peptide
Systems, San Diego; monomer MW = 2354.6; >95% pure and >95% dimer). This
synthetic B2.1 peptide was used as a target to isolate phage bearing b12 Fab from the M
library; but no phage were selected (data not shown), indicating that the synthetic peptide
does not bind b12 as tightly as the phage-borne one. To verify the relatively weak
interaction of the synthetic peptide with b12 compared to phage-borne B2.1, a panning
reconstruction experiment was performed in which phage bearing Fab b12 were mixed
with various amounts of phage bearing the unrelated Fab AD27/A47 (as background
control phage). The Fab phage were panned side-by-side in wells céated with gp120,

B2.1 phage or B2.1 peptide. The results in Table 4 show that gp120 and B2.1 phage
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Table 3. Binding of b12 IgG to mutants of the B2.1 phage.

IgG1 b12 * SDS-PAGE ¥ WB #
Clone Peptide sequence 3 aM 30 nM Dimer Monomer bl2 binding
B2.1 HERSYMFSDLENRCI 1.00 1.04 +) ) )
B2.1-ACys HERSYMFSDLENRSI 0.02 0.04 ¢-) ) ¢)
B2.1-5Cys HERCYMFSDLENRSI 0.02 0.05 +) ) -)
B2.1-CC HERCYMFSDLENRCI 0.03 0.13 -) +) ¢)
£88-4 _— 0.02 0.03 ) ¢ ©)
No phage - 0.02 0.03 n.a. n.a. n.a.

* Values are OD (95 490, from direct phage ELISA.

T Wild type and mutant B2.1 phage were subjected to SDS-PAGE in the presence and
absence of dithiothreitol (DTT); the “Dimer” and “Monomer” columns show the results
for non-treated and DTT-treated phage, respectively. The plus sign (+) indicates the
detection of recombinant B2.1-PVIII fusion band on silver-stained gels, the minus sign
(-) indicates no band observed.

# A plus sign (+) indicates reactivity with IgG1 b12 in western blot (WB), the minus sign
(-) indicates no reactivity.

n.a. is not applicable.

52



Table 4. Reconstruction panning of Fab b12 phage (b12 ¢) vs. B2.1 peptide, B2.1 phage
(B2.1 ¢) and gp120 Ba-L. Decreasing amounts of Fab b12 phage were mixed with
DP47/AD27 phage (DP47/AD27 ¢), to a total of 10'° particles and screened one single

round with the three antigens. Results are expressed as percent yields of ampicillin-
resistant transfecting units.

b12¢ 10% 10° 10 10 10° 10° 10* ---
DP47/AD27¢  --- 9x10° 10" 10" 10" 10" 10" 10
B2.1 peptide 2.7e-3 3e-3 15e4 16e4 45e4 12e4 34e4 16e4
B2.1 ¢ 21e-1 l4e1 77e2 31e4 58e5 13e4 27e4 2e4
gpl20Ba-. 3.2e-1 2e-1 28e2 1le3 27e4 12e4 3.1e4 49e-4
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enriched b12 phage 50-100 fold better than that of the synthetic B2.1 peptide. Thus, the
affinity of the phage-borne B2.1 for the b12 Fab appears stronger than that of the
synthetic peptide.

A biotinylated, synthetic version of the B2.1 peptide was also prepared, having
the sequence: NH3-HERSYMFSDLENRCIAAE-Om(biotin)-KK-NH) (Multiple Peptide
Systems; monomer MW = 2767.6; >95% pure and 80% dimer). This peptide (bio-B2.1)
was biotinylated so that it could be bound to immobilized streptavidin in ELISA wells,
and directly detected during the production of conjugates for immunization, regardless of
its IgG1 b12 antigenicity. The relative affinity of Mab b12 for the B2.1 sequence
presented in different forms was assessed by direct titrations using Fab and IgG1 b12.
The titrations were performed on streptavidin-captured and plate-immobilized bio-B2.1
peptide, as well as with recombinant B2.1 phage (and gp120 as positive control). Figure
3A shows that the binding of Fab bl2 to both plate-immobilized and streptavidin-
captured synthetic B2.1 peptide was almost undetectable over background. In contrast,
Fab binding to recombinant B2.1 phage was strong and followed a titration curve similar
to that of gp120 (Figure 3A), suggesting that the affinities of b12 for gp120 and phage-
displayed peptide are similar. (Kds of 3 nM (gpl120MN) and 9.1 nM (gp1201_AJ) have
been reported by Roben et al. (269) and Parren et al. (242), respectively.) Although the
results were somewhat different when IgG1 b12 was used instead of Fab for the titration
ELISA (which was most likely due to the avidity inherent to the IgG), a similar trend was
observed (Figure 3B). The IgG1 bl2 reacted with both phage-displayed and synthetic
B2.1 peptide; however, it bound more tightly to recombinant B2.1 pﬁage than to either

form of the synthetic peptide. Moreover, the Ab showed better binding to the plate-
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Figure 3: Titration of Fab bl2 (A), IgG1 b12 (B) and murine anti-B2.1-peptide serum
(C) on different immobilized antigens. Serial dilutions of Fab, IgG1 b12 and mouse
serum were reacted with bio-B2.1 adsorbed to ELISA wells (bio-B2.1), bio-B2.1 bound
to immobilized streptavidin (SA+ bio-B2.1), gp120Ba-L, B2.1 recombinant phage, f88-4
phage, bovine serum albumin (BSA), ovalbumin and streptavidin (SA).
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adsorbed peptide than to the streptavidin-captured one, thus it was able to discriminate
between these two means of presenting the peptide. In contrast to IgG1 b12, the IgG
from a mouse who had been immunized with a B2.1 conjugate vaccine (see below)
showed no discrimination between the streptavidin-bound and plate-adsorbed forms of
bio-B2.1 (Figure 3C), and binding to gp120 was undetectable. These results indicate that
ability of b12 to discriminate between plate-immobilized and streptavidin-captured
peptide is linked with its capacity to bind gp120, again, suggesting that a specific B2.1
structure (or set of structures) is responsible for its antigenicity for b12. It is apparent
from these titration experiments that the most antigenic structure of the B2.1 sequence is
best represented by the recombinant peptide in the context of the phage coat.

To assess the range of affinities of the different peptides for b12, the in-solution
binding affinity of IgG1 b12 for the B2.1 peptide was determined using a KinExA 3000
(Kinetic Exclusion Assay) instrument (Sapidyne Instruments, Inc., Boise, ID) (27), as
described in (69). KinExA measurements involving in-solution monovalent antigen
yields affinity constants that are independent of the Ab valency. The data in Figure 4
show that the interaction between IgG1 b12 and the free peptide closely follow a 2.5-uM
Kd best-fit, theoretical curve derived from a simple, second-order kinetic model (Fig.
4A). Comparison of the % root-mean square deviation errors (Figure 4B), produced from
the fit of these data to the best-fit curves calculated for a range of Kds, reveal the
accuracy of the Kd found for b12 and B2.1 in solution. This Kd is ~200-fold higher than
the 9.1-nM Kd measured for the interaction between Fab b12 and recombinant gp120
from HIV-1,,, as determined by surface plasmon resonance (269). However, the Kd is

lower than the ~100 M one found for a synthetic, cyclic peptide made from one of the
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Figure 4. Binding of IgG1 b12 to B2.1 peptide in-solution, determined by KinExA.
Percent free Ab vs. molar concentration of peptide; data (diamonds) and best-fit
theoretical curve (A). Percent error from fit of the data in 3A to the best-fit curves
calculated for a range of Kds (B). The 95% confidence interval calculated for this
experiment is: 1.3-3.7 uM.
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clones isolated from the B1 library, by competition ELISA of that peptide with Fab b12
(A. Satterthwait and J.K.S., unpublished data).

The Fab and IgGl titration data and the in-solution affinities of bl2 for B2.1 and
gp120 may be used to provide very rough reference values from which the affinity of the
plate-bound and phage-displayed peptides could be interpolated. Given the range of 9
nM for gp120, ,; and ~3 mM for the free peptide (and assuming that the affinity of free
B2.1 is similar to that of bio-B2.1 captured on streptavidin), we speculate that the plate-
adsorbed peptide binds with a Kd ranging between 20 nM and 500 nM. The phage-
displayed, recombinant peptide shows the highest affinity for binding to Fab b12, with
the data suggesting a Kd value close to that of b12 for gp120.

Taken together, our results support the idea that the affinity of B2.1-b12
interaction is dependent on the environment in which the peptide is presented to b12.
The data suggest the existence of different structures of the B2.1 homodimer, and
indicate that the predominant structure of B2.1 in solution (and tethered, via biotin, to
streptavidin) is either “unfolded” or "unstable", and different from the one(s) that it
assumes in the context of the phage coat. Our results with synthetic and recombinant
B2.1 peptides indicate that the structure of the homodimer could be further optimized to
maximize its antigenicity. B2.1 binds b12 preferentially when fused to the pVIII coat
protein and displayed on the phage surface, perhaps, because the highly structured phage
coat provides a more rigid and/or stable environment to the peptide. This would be in

keeping with the work of Jelinek ez. al. (151), which shows that antigenic peptides fused

to pVIII produce NMR-definable structures, even though the peptide in solution doesn't.
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The sequences of the peptides we have discovered (Table 1), especially B2.1,
show significant homology to the D-loop region of gp120 (residues 273-285). The
residues of the B2.1 sequence that are shared with D-loop sequences from a number of
gp120s are bolded in: HERSYMFSDLENRCI. The D loop region of gp120 contains a
number of residues that are highly-conserved among HIV-1 isolates from different
clades. Frequencies in gp120s from all clades for the bolded residues in the B2.1
sequence are 96% for Arg273, 96% for Ser274, 52% for Phe277, 99% for Ser or Thr at
position 278, 99% for Asp or Asn at position 279 and 98% for I1e285 (frequency data
were taken from the Los Alamos Env sequence database at: http://hiv-web.lanl.gov/). As
well, residue Asp279 of the D loop also makes contact with CD4, and thus, forms part of
the CD4 binding site on gp120 (176).

Figure 5 shows the sequence and structure of the D loop of HXB?2 gp120; it
appear; to be partially stabilized by the interaction between the side chains of Val275 and
Ile284. The b12-selected clones that contain two Cys residues most often have loop
lengths of eight residues (Table 1). If the sequences of the cyclic peptides having 8-mer
loops are overlaid on the D loop, with their N- and C-terminal Cys residues being placed
where Val275 and 11e284 of the D loop are located, respectively, homologous residues
shared between the two are perfectly aligned. The location of the FSD sequence aligns
with that of the D loop's FTD sequence, and the N-terminal Ile of the peptides aligns with
the gp120 I1e285.

The homologies between residues in B2.1 and conserved residues in the D loop,
as well of the structural homologies with the cyclic peptides, lead us to predict that the D

loop of gp120 is involved in binding the b12 Ab, with the residues RS, FSD and I being
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Figure 5. Structure of the D loop of gp120, residues 273-285, taken from the HXB2
HIV-1 isolate. The sequence of this region, shown in red, is: RSVNFTDNAKTIL
Residues shared with the B2.1 peptide, HERSYMFSDLENRCI, are in bold.
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important in maintaining a D-loop-like structure and/or in making direct contacts with the
bl2 Ab. The crystallographic structure of IgG1 b12 has been elucidated, both in the free
form and bound to the B2.1 peptide (pers. comm. E. O. Saphire, The Scripps Research
Institute). These structures should prove useful in directing further optimization of the
B2.1 peptide, as a b12-ligand and as a gp120 mimic, and in characterizing the gp120-
epitope for bl2 at the atomic level.

Our goal in developing a peptide mimic of the b12 epitope is to use itin a
vaccine against HIV-1 infection, to elicit bl2-like, neutralizing Abs. We conjugated the
biotinylated synthetic peptide to wild-type phage and ovalbumin using BS3 as cross-
linker. The conjugates bound IgG1 bl2 by western blot, ELISA and
immunoprecipitation, indicating that the antigenic structure of B2.1 was conserved after
the conjugation. We found that both conjugates were immunogenic in mice and rabbits,
but did not elicit significant gp120-cross-reactive Ab titers, indicating that b12-like Abs
were not produced at detectable levels (data not shown). At least two reasons may
account for this: (1) the relatively low affinity of b12 for the synthetic version of the
peptide and/or (2) the species barrier (b12 has an 18-residues long H3 and Abs with such
features are not produced in mice). We also carried out immunizations with B2.1
recombinant phage, which produced only moderate anti-peptide Ab titers, accompanied
by high anti-phage Ab responses. In addition to the species problem mentioned above,
we believe that the relatively low copy number of B2.1 homodimer displayed on the
phage surface (~ 200 copies/phage) explains this result.

Thus, the isolation and characterization of the B2.1 peptide constitutes the first

stage of a new strategy for targeting the production of Abs against a single pre-specified,
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neutralizing epitope on HIV-1. However, the generation of a successful B2.1
immunogen will require further optimization at several levels. The results described here
indicate that the structure of the homodimer displayed on the phage coat is best for
binding b12; thus the recombinant phage is the primary target for our efforts in structure-
based optimization of B2.1 as an antigen and immunogen. We are currently assessing the
peptide residues that are critical for b12 binding in the context of the phage. These
functional data, coupled with the crystollographic data mentioned above, should provide
insight into further optimization of the B2.1 peptide. Such optimization also requires
knowledge of the phage-borne structure of B2.1. Thus, we are also making efforts to
raise the copy number of the B2.1 homodimer on the phage coat, to allow NMR-based
analyses, and to generate soluble B2.1 fusion proteins, so that the dimer can be studied in
a "monovalent" protein format (as compared phage particles, which bear multiple copies

of the dimer). Other immunization strategies (a prime-boost approach) and species

(monkeys and XenoMouse™) will also be explored.
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ABSTRACT

IgG bl2 recognizes a discontinous epitope on gp120 and is one of the rare
monoclonal antibodies that neutralize a broad range of primary HIV isolates. We present
the crystal structure at 1.8 A resolution of a complex between Fab b12 and B2.1, a
dimeric peptide that binds with high specificity to b12 and competes with gp120 for b12
binding. The peptide inserts into a canyon in the light chain that abuts the third
complementarity-determining region of the heavy chain of bl2, occupying about half of
the antibody paratope. Alanine substitution experiments reveal that six of the fifteen
residues of B2.1 are critical for bl2 binding. Structural data differentiate residues that
form critical contacts with b12 from those required for maintenance of the antigenic
structure of the peptide. Affinity of B2.1 was improved 40-fold, to within an order of
magnitude of that of gp120, by fusing it to the N-terminus of a soluble protein.

B2.1 and the gp120 D loop share sequence homology and occupy the same region
in the b12 paratope. However, only a few critical binding residues are shared between
B2.1 and gp120, and immunization with B2.1 fails to yield gp120 cross-reactive sera.
Thus, although the binding sites of B2.1 and the gp120 D-loop roughly overlap,
molecular mimicry is limited to only a few shared residues. The results underscore
challenges to HIV-1 vaccine design and the necessity of combining complementary

experimental approaches in analyzing the immunogenic properties of molecular mimics.
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INTRODUCTION

A major obstacle to HIV-1 vaccine design is the difficulty in generating a
protective humoral immune response against the viral envelope proteins (Env) gp120 and
gp41. One strategy in developing such a vaccine is to emulate the properties of the rare
human antibodies that are highly effective at neutralizing primary HIV-1 isolates (e.g.,
IgG1bl12, 447-52D, 2G12, 2F5 and 4E10), but so far have been difficult to elicit with
recombinant envelope proteins. Antibody b12 was isolated from a phage displayed Fab
library that was produced from the bone marrow of an HIV-1 infected man who had been
seropositive, yet asymptomatic for six years (269). IgG1 b12 recognizes the CD4 binding
site of gp120 and neutralizes a wide range of primary HIV-1 isolates from diverse
geographic origin (45, 315) in vitro . It also protects against HIV-1 infection in passive
immunization experiments in animals (110, 238), whether provided intravenously (110,
238, 239, 326) or in a topical gel (326).

The crystal structure of intact, uncomplexed IgG1 b12 was previously determined
at 2.7 A resolution (284), revealing a 15 A vertical projection of complementarity
determining region (CDR) H3 ringed by two canyons: one formed between CDRs L1, L3
and H3, and the other between CDRs H1, H2 and H3 (285). Docking experiments of b12
onto gpl20 illustrate a striking complementarity of fit between surfaces of b12 and the
outer domain of gp120 (284). Mutagenesis studies have highlighted CDRs L1 and H3 as
the key regions for b12 interaction with gp120 (357), and defined critical binding
residues on both antibody (357) and antigen (233). In our docking model, the b12 epitope

is created by the confluence of at least six separate peptide segments in the primary
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sequence of gp120, with participation of D loop residues 276-280 and the ridge formed
by residues Ser 365-Gly 367 (284),.

Phage-displayed peptide libraries can be highly effective tools in selecting peptide
ligands for antibodies against linear and conformational protein epitopes (146). By
screening a group of phage-displayed peptide libraries, we previously isolated and
characterized a peptide, termed B2.1, which is specific for IgG bl2. B2.1 does not react
with non-neutralizing antibodies that compete with b12 for binding to gp120, suggesting
that B2.1 recognizes unique features of the neutralizing b12 paratope. Partial sequence
homology of B2.1 with the D-loop of gp120 (residues 271-285, HxB2 strain) suggested
that B2.1 might mimic this region of the b12 epitope (352).

Here, we present the first crystal structure of a peptide thought to mimic a
conformational epitope in complex with its corresponding antibody. The structure of Fab
b12 in complex with the B2.1 peptide was determined at 1.8 A resolution. The structure
of B2.1-bound Fab b12 is very similar to the free Fab (284), indicating that no gross
conformational changes accompany peptide binding. The B2.1 peptide inserts into a
canyon in the light chain and covers about half of the putative b12 paratope. Six residues
required for binding to b12 were identified on B2.1 by alanine-substitution mutagenesis.
Only two of these residues make direct contact with b12, indicating that the remaining
residues support the antigenic structure of B2.1. Comparison of the b12-B2.1 structure
with the b12-gp120 docked model suggests that B2.1 occupies the same region of the b12
paratope as the gp120 D-loop. It is plausable that Asp 9, a critical binding residue in
B2.1, mimics Asp 279, a critical binding residue of gp120 identified in mutagenesis

studies (233, 284). However, few other residues shared between B2.1 and gp120 appear
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to mimic each other. In addition, immunization of mice with a B2.1 peptide-ovalbumin
conjugate resulted in high titers of anti-B2.1 antibodies that do not cross-react with
gp120. In addition, the pattern of binding of these sera to the panel of Ala-substitution
mutants differs from that of b12. Our results shed light on the mechanism of peptide

mimicry of protein epitopes and its relevance to epitope- and antibody-targeted vaccines.

METHODS

Protein Expression and Peptide Synthesis.

IgG1 bl2 was expressed in CHO K1 cells as previously described (283). Fab
fragments were obtained by papain cleavage and purified with protein A and protein G
affinity chromatography (338). The B2.1 peptide used in crystallization experiment was
synthesized by AnaSpec, Inc. of San Jose, CA, and is encoded by the sequence
HERSYMFSDLENRCIAAE-Orn(biotin)-KK. The biotinylated ornithine-lysine-lysine
sequence was incorporated into the synthetic peptide for detection in separate ELISA

experiments.

Crystallization and Data Collection.

Plate-like crystals were obtained from 17 mg/ml Fab, a five-fold molar excess of
B2.1 peptide, 1.7 M ammonium sulfate, 200 mM lithium sulfate, and 100 mM CAPS
buffer, pH 10.5. The crystals are monoclinic P2, with two Fabs and one dimeric peptide
per asymmetric unit (V= 2.4) (Table 1). For cryoprotection, crystais were soaked in a

solution of mother liquor containing increasing concentrations of glycerol (from 1-16%)
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and flash-cooled in liquid nitrogen. Data were collected at 100K to 1.75 A resolution at
SSRL beamline 11-1 (Table 1), and integrated and scaled with DENZO (230) and

SCALEPACK (230).

Structure Determination and Refinement.

Fab structures were determined by molecular replacement in AMoRe (222) using
the Fab fragments of the intact IgG1 b12 structure (284) as search models. The R-value
after molecular replacement was 37.4 for 15-4 A data. Peptide and ligand molecules were
built using the modeling programs TOM/FRODO (157, 160) and O (161), and the
structure was refined to 1.8 A using CNS (41) (Table 1). Clear electron density is visible
for residues 1-214 of antibody light chain L, residues 1-128 and 137-228 of antibody
heavy chain H, residues 1-214 of antibody light chain M and residues 1-127 and 136-230
of antibody heavy chain K. Heavy chain residues 127-137 comprise a solvent exposed
loop in the constant region of the Fab that is frequently disordered in antibody structures
(301). Coordinates and structure factors have been deposited in the Protein Data Bank
(http://www.rcsb.org/pdb/, accession code 1NOX). Figures 1 and 4 were created using
Molscript (95). Figure 3 was created in PMV (279, 280) with molecular surfaces
generated using a 1.4 A probe radius in msms (281).

Site-directed Mutagenesis of B2.1 Phage.

All residues of the B2.1 peptide, with the exception of the cysteine, were singly

replaced by alanine in the context of B2.1. Alanine substitution of the cysteine residue on

B2.1 phage has been previously described (352). Single-stranded DNA from phage B2.1
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was used as template for site-directed mutagenesis using a set of fourteen

oligonucleotides as previously described (174).

Direct-Binding ELISAs.

To assess binding of b12 to B2.1 mutant phage by ELISA, phage were adsorbed
to microtiter wells, blocked, washed, incubated with either 0.1 nM IgG b12 or 10 nM Fab
b12 for 2 to 4 hours at room temperature, and detected with goat anti-human Fab
antibody conjugated to HRP. Replica, phage-coated wells were reacted with a rabbit
polyclonal anti-phage antibody to verify that similar amounts of phage particles were
adsorbed to the plate. The relative binding of b12 IgG and Fab to phage mutants bearing
alanine substitutions were calculated as the percent binding with respect to binding to
B2.1 wild-type phage (100%).

Sera from immunized mice were reacted with B2.1 peptide, phage bearing
mutations of the B2.1 peptide, gp120 or OVA, with each serum dilution duplicated on
BSA-coated wells as a control for background signal. ELISAs were performed essentially
as described above, except that 1 mg OVA, 200 ng B2.1 peptide or 100 ng of gp120 (Ba-
L isolate, kindly provided by Tim Fouts) were adsorbed overnight to wells. After
blocking with BSA, serially-diluted mouse sera were added to each well and incubated
for two hours at room temperature. The wells were washed six times and incubated with
goat anti-mouse IgG (Fc)-HRP conjugate (Pierce). Serum titers were measured as the
dilution at which the half-maximal OD,,_,4, signal for B2.1 peptide and OVA were

observed. Data for gp120 binding were reported as OD,s 440t a 1:50 dilution.
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B2.1-MBP Fusion Protein Production and Affinity Measurement.

B2.1-maltose binding protein (MBP) fusion protein was prepared as described
(358). The affinity at equilibrium of dimeric B2.1-MBP for IgG1 b12 was measured
using a KinExA 3000 instrument (Sapidyne Instruments, Boise, ID) as described (69) and
by surface plasmon resonance (SPR) using a Biacore 3000 instrument (Biacore AB,
Uppsala, Sweden) following the manufacturer’s kinetics method. The affinity of free
B2.1 peptide for b12 was determined by SPR by a binding-inhibition procedure (165,
225) as described (206) and also by using the steady state affinity model of BiaEvaluation

3.1 software (Biacore AB).

Coupling of synthetic B2.1 peptide to f1.K and OVA

f1.K is an engineered f1 phage carrying a Lys at the N-terminus of every copy of
the pVIII major coat protein. The B2.1-f1.K conjugate was prepared with an 11-fold
molar excess of peptide to pVIII phage protein: 8.5 x 10" particles/ml f1.K phage, 2
mg/ml synthetic B2.1 peptide and 3 mg/ml Bis(sulfosuccinimidyl)suberate (BS)
crosslinker (Pierce) in PBS pH 7.4. Conjugation reactions were rotated slowly at room
temperature for one hour and quenched with 0.1 vol. 1M Tris-HCI, pH 7.4. Phage were
precipitated with 0.15 vol PEG/Na(Cl, overnight incubation at 4°C and centrifugation at
13,000 x g for 40 min at 4°C. Pellets were resuspended in sterile PBS and aliquots were
removed and analyzed by electrophoresis on a 4x GBB, 0.8% agarose gel (31).

The B2.1-OVA conjugate was prepared by mixing a 60-fold molar excess of B2.1
peptide with ovalbumin (OVA), allowing ~3.5 molecules of peptide per each of 20 Lys

residues followed by addition of BS’: 298 ug/ml OVA, 2 mg/ml synthetic B2.1 peptide
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and 3 mg/ml BS®. The conjugation reaction was as described above, except that the
conjugates were washed three times using a Centricon-30 ultrafiltration device (Amicon,

Inc., Beverly, MA) rather than precipitated by PEG.

Immunization of Mice with B2.1 Peptide-Bearing Immunogens.

Groups of five eight-week old female BALB/c mice were immunized by
intraperitoneal injection with either 100 ng recombinant B2.1 phage, 10 ng B2.1-OVA
conjugate or 10 ug OVA. All samples were diluted in a total volume of 100 ul PBS. No
adjuvant was used. For all groups, the mice were immunized on days 0, 14, 28, 42, 63, 98
and 119. The mice were bled from the tail vein on days 0, 14, 28, 42, 63, and 77, just
prior to immunization. Subsequent tail bleeds were not performed due to tail scarring.
The final bleed for the B2.1-OVA conjugate or OVA immunized mice was performed on
Day 140 by cardiac puncture under CO,anesthesia. The final bleed for the B2.1 phage-
immunized group was performed on day 77, also by cardiac puncture under CO,
anesthesia. After collection, each blood sample was heated to 37°C for 60 min, allowed
to clot overnight at 4°C, and centrifuged at 12,000 x g for 15 min. Serum samples were
then transferred to fresh microfuge tubes and stored at -20°C.

In a separate study, groups of four of eight-week old female BALB/c mice
received 10 ng f1.K/B2.1 conjugate or 10 ug f1.K unconjugated phage by subcutaneous
injection at two different sites. Inmunogens were injected in a total volume of 100 ul
PBS with or without adjuvant. Immunizations were given on days 0, 21, 42, 63, 92, 147,
and 210. Tail bleeds were conducted two weeks after each immunization (days 0, 14, 35,

56, and 105). Bleeds were not taken after the fourth and the sixth immunizations due to
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tail scarring. The final bleed was taken on day 224 by cardiac puncture as described

above. After collection, blood was treated as described above.

Construction and Screening of the B1.2/D-loop Mixed-sequence Library.

The b12-binding phage clone, B1.2 (352), expressing the cyclic peptide
GCLYSDLLATCI, was used as a template for the construction of a limited library
according to the alignment with the D-loop of gp120 (HXB2 env 274-285,
SVNFTDNAKTII). Note that B1.2 is very similar to B2.1, but is cyclic rather than linear,
and monomeric rather than dimeric. A degenerate, synthetic oligonucleotide with the
sequence ATC-ACC-TTC-TGC-AGC-AGA-ACC-GAT-G(C/A)A/T)-GGT-
T(G/T)(C/T)-C(A/G)(G/C)-(C/G)(A/T)H(G/T)-GTC-GG(A/T)-A(T/A)A-
(C/IG)A/TYHG/T)-A(C/AY)A/C)-A(C/G)(C/A)-ACC-AGA-GGC-AAA-GCT-TAG-CAT-
AGG-:AAC was cloned into the recombinant gene 8 site of f88-4 as described (30). Each
residue in the displayed peptides of the resulting library was either: (i) the original
residue of B1.2, (ii) the corresponding residue from the D-loop of gp120, or (iii) one of
several additional amino acids. All positions in the peptide were diversified in this way
except residues Asp 6, Thr 10 and Ile 12, which are conserved between B1.2 and the D
loop and hence, fixed in the library. One Gly and one Ser residue served as spacers and
were introduced at both ends of the sequences for all clones. A control B1.2 phage
incorporating the Gly and Ser spacers (named MMBI1.2) was also constructed. The phage

library was screened with b12 IgG as described (205).
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RESULTS

Antibody Structure

The b12-B2.1 structure was determined to 1.8 A by molecular replacement using
Fab regions of the IgG bl2 structure as search models and refined to an R, of 22.0 and
an R, of 25.2 (Table 1). The asymmetric unit of the crystals consists of one disulfide-
bonded B2.1 peptide dimer (chains P and R) in simultaneous contact with two opposing
Fab fragments (LH, MK) (Figure 1A). The two Fabs in the asymmetric unit are
essentially identical in structure, with only minor variation in side chains that are not
involved in peptide contact. In addition, the structures of the two b12 Fab regions in
complex with B2.1 peptide are nearly identical to the unliganded b12 Fab fragments
contained within the intact b12 [gG (284, 285). Interestingly, the only significant
difference is for CDR H3s of the peptide-bound b12 structures, which have a slightly
taller vertical projection than the CDR H3s of the unbound b12 structures. Otherwise, the
overall similarity in structures between the bound and free b12 Fabs (average r.m.s.d. of
0.74 A for all main-chain atoms in all possible permutations) implies that no gross
conformational changes accompany peptide recognition, and that the b12 surface
topography is complementary to both gp120 (as determined by computational docking;
12) and the B2.1 peptide (as determined from the crystal complex).

Approximately 610 A?of B2.1 peptide and 650 A?of b12 antibody molecular
surface are buried by the interaction (as calculated with ms (65)). For comparison, 1030
A? of gp120 and 1040 A? of b12 antibody molecular surface are buried by the gp120-b12

interaction in our docking studies (284). Thus, a little more than half of the putative b12
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Table 1. Summary of crystallographic data and refinement statistics.

Data collection
Wavelength (A)
Space group

Unit cell dimensions
Resolution (A)!

# reflections
Completeness' (%)

0.965 A

P2,

a=51.6A, b=184.4A, c=56.2A, p=103.1°
45-1.78 (1.81-1.78)

215,495 observed; 94,383 (4468) unique
92.0 (87.1)

Rsyml‘2 (%) 6.0 (38.5)
Io(D! 17.6 (1.5)
Refinement statistics

Number of reflections 84,895
Number in test set? 9419, 1967
Rc,ysf (%) 22.0

R:..’ (%) 25.2

876 antibody, 41 peptide
83 ligand atoms, 725 waters

Number of residues
Number of other atoms®
Average B values (A?)

Fab fragments 31.3

Peptide 47.0 (35.7 in contact hairpin’)
Ramachandran plot (%) R.m.s.deviations
Most favored 89.0 Bond lengths (A) 0.005
Additional allowed 10.5 Angles (°) 1.4
Generously allowed 0.2 Dihedral (°) 26.7
Disallowed® 0.2 Improper (°) 0.80

'Numbers in parentheses refer to highest resolution shell.

Ryym = ZI I - <I> 1/ 1<I>|, where <I> is the mean intensity of a set of equivalent
reflections

’A 10% test set was used for initial rounds of refinement, and a 2.3% test set was used for
the final round of refinement, as studies indicate that the deviation in Rg,, is roughly
proportional to its value divided by the square root of the number of excluded reflections.
Reflections in the final, smaller test set were also in the original, larger test set.

Reryst = Zpa IFo-Fl/ Zyy F|

* R Was calculated as for R
refinement.

® 14 atoms from a CAPS molecule, 48 atoms from glycerols, 20 atoms from sulfate ions,
and 1 potassium atom

"The contact hairpin includes residues Ser P8 — Leu P10 and Ile P15.

*Includes Val L51 of both Fab light chains. This residue exists in a well-defined y turn in
almost all antibody structures, but still continues to be designated by PROCHECK as an
outlier despite its inclusion in a well-defined and well-documented secondary structure

aryse DUL ON the test set portion of the data excluded from the

75



A chain K R P chain H

Figure 1. Crystal structure of the b12-B2.1 complex. (A) The peptide dimer is formed by
chains P (green) and R (yellow). Peptide chain P (green) is bound to Fab #1 which is
designated in the deposited coordinates by heavy chain H (blue) and light chain L (red).
Peptide chain R (yellow) is bound to Fab #2 which is designated by heavy chain K (blue)
and light chain M (light pink). (B) Each of the two monomers of the B2.1 dimer
independently contact one of the two b12 Fabs. Key side chains of the B2.1 dimer are
illustrated in ball-and-stick. The extended CDR H3s of the b12 antibody reach across
each peptide monomer, yet form no contact to the opposing monomer. Figure was made
using MolScript.
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paratope interacts with the B2.1 peptide. However, this interaction surface is larger than
that observed for most antibody-peptide complexes (on average, 480 A? of peptide and
550 A? of antibody surface (302, 339)), owing to the longer length of the B2.1 peptide
(20 ordered residues as compared to an average of 9-10 ordered residues in typical

antibody-peptide structures in the Protein Data Bank.

Peptide Structure

Clear electron density was present in the antibody-combining site for the first
eighteen residues of the 21-mer peptide sequence, whereas the density for Om 19, Lys
20, and Lys 21 was only interpretable for the polypeptide backbone. These residues have
been built in as alanines. The biotin moiety is not defined in the electron density maps.
Each monomer of the B2.1 peptide forms a hairpin structure with the N-terminal arms of
the two hairpins extending roughly in parallel to each other and the C-terminal arms
angling outwards from each other (Figure 1B). The hairpin turn contains B2.1 peptide
residues Ser P8, Asp P9, and Leu P10 and twists upwards at Phe P7, towards Ile P15 in
the C-terminal arm. Each hairpin turn curls into the antigen-binding site of each one of
the two opposing antibodies. Hence, in the SDLX,CI motif borne by phage selected by
b12 (including the B2.1 peptide (352)), the Ser, Asp, and Leu form antibody contacts (see
below), whereas the Cys forms the intrapeptide disulfide bridge that holds the dimer
together and main chain atoms of the Ile forms hydrogen bonds connecting the N and C
termini within each peptide monomer (Figure 1B). The B2.1 dimer interface is formed
mainly by peptide residues Tyr PS and Cys P14 (Figure 1B). The Tyr PS5 side chains on

the N-terminal arms of the hairpins form aromatic face-to-face n-stacking interactions
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with each other, whereas the Cys P14 residues form a disulfide bridge. The B2.1 hairpin
structure appears to be further maintained by six hydrogen bonds within each monomer
that connect the N terminus to the C terminus (Table 2).

Single Ala substitutions within phage-displayed B2.1 peptide were performed to
identify the residues that are critical or important to b12 binding (Figure 2A). The
mutations were verified by DNA sequencing and equal expression levels of the
recombinant mutant proteins on the phage surface were confirmed by SDS-PAGE (data
not shown). Critical binding residues are defined here as those that, if substituted with
Ala, produce a decrease in binding to both IgG and Fab of >90%. Important residues are
defined as those whose substitution to Ala causes a >80% drop in binding to Fab without
significantly affecting IgG bindjng (IgG has higher avidity than Fab). Figure 3
summarizes the main contacts observed in the crystal structure, along with the
classification of each B2.1 residue as critical, important or unimportant to bl2 binding,
according to the Ala-substitution data in Figure 2A. Taken together, the structural and
Ala-substitution data reveal the importance of both intra- and inter-peptide interactions
for the functional activity of B2.1. Tyr P5 and Cys P14 which form interchain contacts
and Ile 15 which forms intrachain contacts are all critical for binding to b12, even though
they do not directly interact with the antibody. Thus, these three residues most likely

serve a critical role in maintaining the antigenic structure of B2.1.

Peptide Contact to Antibody
The two peptide monomers make essentially identical contacts to their respective

Fabs. The three N-terminal residues of B2.1 are positioned above CDR-H1, but do not
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Figure 2. Alanine-substitution scanning of the B2.1 peptide. (A) Binding of IgG b12
grey bars) and Fab b12 (black bars) to mutant B2.1 peptides. (B) Binding of sera from
each of three mice (grey, black, and white bars) immunized with B2.1 peptide-
Ovalbumin conjugate. Results are expressed as % binding of each mutant phage with
respect to wild-type (wt) B2.1 phage, the 88 is a negative control for phage expressing

no peptide.
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contact it. Antibody interaction begins with Ser P4 as the peptide monomer descends
down along one side of CDR H3 towards CDR L1, then continues as the peptide forms a
hairpin, reverses direction, and extends across CDR L3 to terminate at CDR H2 (Figure
4A). The most significant region of peptide interaction is within the depression between
CDRs L1, L3 and the light chain N terminus (Figure 4B), Here, Asp P9 contacts Ile 28a,
Ser 30, and Arg 32 of CDR L1, and Leu P10 contacts Glu L1 (Table 2 and Figure 3). Ser
P8 contacts Ala L93 and Ser .94 indirectly via water molecules (Figure 4C). Phe P7
forms side chain hydrophobic contacts to Arg 29, and hydrogen bonds between its main
chain carbonyl oxygen to the side chain nitrogens of Arg 32 of CDR L1 (Figure 4C).
Interaction with CDR-H3 is mediated by N-terminal residues of the peptide, where Met
P6 contacts Gln 100e and Ser P4 abuts Pro H100d (Figure 4D). In addition, the side chain
of Arg P13 hydrogen bonds to the main chain of Asp 100a and Asp 100b in CDR H3,
although this interaction is only observed for one of the two peptide chains. Hydrophobic
contact to CDR H2 is made by various C, Ca, and Cb atoms of the Orn-Lys-Lys C-
terminal extension to B2.1 (Figure 4D). However, these contacts are probably crystal
contacts rather than specific binding contacts as they differ for each peptide chain. The
Ala-substitution data (Figure 2) show that Phe P7, Ser P8 and Asp P9 are critical for
binding to b12, whereas other contacting residues (Met P6, Leu P10 and Arg P13) are
important but not critical for bl12 binding. Although Ala-substitution of Ser P8 abrogates
b12 binding, its side chain only contacts b12 indirectly via a water molecule. Thus, Phe

P7 and Asp P9 were classified as critical contact residues.
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Figure 4. B2.1-b12 interactions. In all panels, the light chain of b2 is colored pink and
the heavy chain colored blue. Only one monomer is shown bound to its respective Fab
b12. Panels (a-d) illustrate contacts between the peptide chain R and Fab #2, as this
peptide chain is characterized by slightly lower B values. (A) Top view of the Fab b12
antigen-binding site with the bound B2.1 peptide illustrated in yellow ball and stick with
the N and C termini of the peptide indicated. The b12-combining site is illustrated as a
molecular surface with locations of the six CDRs (L1, L2, L3, H1, H2, and H3) indicated.
(B) Side view of the b12 antibody-combining site. B2.1 dips into a canyon formed
between CDRs L1, L3 and H3. (C) Specific contacts between B2.1 and the light chain
involve the residues SDL of the original selected SDLX,CI consensus motif. (D)
Alternate view of the b12 combining-site highlighting interaction of the B2.1 peptide
with the heavy chain (blue Ca ribbon) underneath the transparent molecular surface.
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Potential for mimicry of the gp120 D loop by B2.1-related peptides

As B2.1 and the D loop of gp120 (residues 279-285) share some sequence
homology (HERSYMFSDLENRCIAAE vs. RSVNFTDNAKTII), we previously
hypothesized that B2.1 and related peptides could mimic the D-loop of gp120 (352).
Superposition of b12 Fab molecules in the B2.1 co-crystal and the gp120 docked model
(284) reveals that the peptide and the D loop occupy the same general region of the
paratope (Figure 5). In addition, alanine mutagenesis of CDR L1 of b12 and the
corresponding contact residues in B.1 and gp120 D loop underscore the importance of
this region in contacting both gp120 and the B2.1 peptide. Mutation of any of Arg 29, Ser
30, Arg 31, or Arg 32 of CDR L1 of b12 almost completely abrogates binding to
gp120,5, gp1205; i, and the B2».1 peptide alike (357). In addition, alanine substitution of
Asp 279 in gp120; 55 (284), gp1205z5 or gpl120,,; (233) abrogates b12 binding.

Effects of mutagenesis of the gp120 D loop and corresponding B2.1 residues are
summarized in Figure 6. As previously described, Asp P9 of B2.1 and Asp 279 of gp120
are both critical for binding b12 and align in sequence and in structure. The extent of
mimicry is less clear for other homologous pairs, as several residues align only in linear
sequence, but not in structure, and/or are part of glycosylation motifs unique to gp120.
For example, Arg P3 of B2.1 and Arg 273 of gp120 align in linear sequence and are both
important for b12 binding. However, neither residue appears to contact the b12 paratope
directly (Figure 3). Ile P15 and Ile 285 align in linear sequence but not in the structures,
and Ile P15 does not contact bl2. In contrast, Phe7 contacts b12 and aligns with Phe 277.
In addition, although Asn P12 and Asn 276 do not align in linear se(juence, they do align

in structure. Asn 276 is part of a glycosylation motif in gp120, whereas Asn P12 appears
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unimportant for b12 binding. As a fifth example, Ser P8 of B2.1 and Thr 278 of gp120

align in the linear sequence and roughly align in the structures. However, Ala substitution
of Ser P8 abrogates b12 binding, whereas Ala substitution of Thr 278 increases b12
binding. However, note that the T278 A mutation ablates a NXT glycosylation motif, and
loss of this glycan may increase b12 affinity by exposing more of the D loop or
surrounding regions to b12 binding. Thus, of the homologous residues, only Phe P7 and
Asp P9 remain as a clear potential mimics of critical binding residues Phe 277 and Asp

279 on the D loop.

Construction of phage-displayed peptide/D loop chimeras

To further test the mimicry hypothesis experimentally, we designed a phage-
displayed peptide library, using the sequence from a previously-identified, monomeric
b12-binding peptide as template, together with the incorporation of partially-randomized
residues from the gp120 D-loop. Our reasoning was that if there is a shared binding
mechanism, the addition of D-loop residues into the peptide sequence should increase its
affinity for b12, and thus favor the selection of new, optimized clones.

As the B2.1 peptide homodimer requires maintenance of the C-terminal disulfide
bridge for binding to b12 (352), we used the monomeric cyclic peptide, B1.2 (352) for
the library tcrhplatc. Clones B2.1 and B1.2 were both selected by b12 IgG from phage-
displayed pcp-tidc libraries that share the SDLX,CI motif. In both peptides, two sequential
hydrophobic residues were selected by bl2 to precede the SDL motif (Table 3a). Clone
B1.2 and all of its sibling cyclic clones bind IgG b12 but not Fab b12, indicating an

affinity lower than that of B2.1 (352). The resulting library, comprising 3 x 10’
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Asn 276

\. T“‘“ . .
é) W’H\ \ /Gly 459

Gly 4&8
Asp 279 J "“‘“Thr 455

CDR |_1 Asn 280 —~

\47/ *CDR L3
‘L term. ¥ % CDR H3

Figure 5. Alignment of b12-B2.1 crystal structure with b12-gp120 docked model. The
B2.1 peptide is illustrated in yellow, gp120 in grey, the b12 antibody light chain in pink
and the heavy chain in blue. Although the structural scaffolding of contact residues
presented by B2.1 and by gp120 are very different, the chemical nature of certain atomic
contacts is similar (for example, Asp P9 and Asp 279). The pairs of Asn P12 and Asn
276, Ser P4 and Thr 455, and the side chain terminal oxygens of Ser P8 and Asn 280 also
roughly align, but the individual importance of each of these contacts to b12 binding is
unclear as Asn 276 is glycosylated in gp120 and the position of other atoms may shift
somewhat between a docked model and an actual b12-gp120 complex.
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Figure 6. b12 binding to gp120 and B2.1 phage mutants. The gp120 mutations in red
letters, shown under the sequence of HXB2 gp120, are described elsewhere (231).
Binding of IgG and Fab b12 to mutant B2.1 phage, relative to the B2.1 wild type, is
indicated under the sequence of B2.1 peptide. Mutants represented in black letters were
generated in this study. (+) indicates increase, (-) decrease and (=) no effect on binding .
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independent clones, includes peptides bearing linear and constrained versions of original
and variant sequences of the D loop and the B1.2.

Table 3b shows the deduced amino acid sequence of the phage-borne peptides
selected from the B1.2/D loop library with b12 IgG and their relative binding to b12 IgG.
Only one clone, termed C1, showed detectable binding to b12 IgG in ELISA. The C1
amino acid sequence includes three substitutions encoded by the library design, although
none of them are related to the D loop. The most striking feature of C1 is that the C-
terminal Cys is shifted three residues toward the C terminal end thereby increasing the
Cys-constrained loop length from 8 to 10 residues. Although C1 phage binds Fab b12
more strongly than does B1.2 by titration ELISA, C1 phage does not bind Fab b12 as
well as B2.1 phage. Hence, the amino acid substitutions and/or extension of the loop in
clone B1.2 improve binding, but not to the level of B2.1. Not a single clone was selected
that had increased sequence homology to the D-loop, suggesting that the incorporation of
residues from the D-loop will not improve binding to b12. Moreover, in a separate
experiment, b12 did not bind a cyclic D-loop sequence that was fused to the pVIII
molecule (data not shown). Thus, it appears that binding to peptides bearing the SDL

consensus sequence cannot be improved by becoming more like the D-loop.

Comparisoh of the b12 Antibody with Antisera Against the B2.1 Peptide

The B2.1 peptide is a specific marker for b12 (352). Thus, it is of interest to
determine whether immunizations with B2.1 would elicit a bl2-like antibody response.
BALB/c mice were immunized with synthetic B2.1 peptide conjugated to OVA at a ratio

of ~10 peptide molecules per OVA molecule (data not shown). Sera on day 140 (after
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Table 3. (A) Amino acid sequence of peptides B1.2 and B2.1, and the HXB?2 gp120 D-
loop (env 273-285). (B) Deduced amino acid sequence and b12 IgG reactivity of clones
selected from the B1.2/D-loop mixed library.

A.
Sequence name Amino acid sequence'”’
MZB1.2 GCLYSDLLATCIAAE
MMBI1.2 SGGCLYSDLLATCIGSAAE
HXB2 gp120 D-loop RSVNFTDNAKTII
B2.1 HERSYMFSDLENRCIAAE
B1.2/D-loop library design® SGXXXXXDXXXTXIGSAAE

GCLYS LIA C
SVNFT NAK I
AFH HPE F
CGQ QVT L

M M S
I I
K K

(1) Similar or identical residues between peptides and gp120 are in bold.

(2) The design of the B1.2/D-loop mixed library is shown. Positions coding for more than one residue are
represented by X; the amino acids coded in each position are listed below; residues fixed in the library are
underlined.

B.
Clones Sequence b12 IgG ELISA”
B2.1 HERSYMFSDLENRCI 1.16
MZB1.2 GCLYSDLLATCI 0.18
MMB1.2 SGGCLYSDLLATCIGS 0.10
Cl1 SGACLYSDLAATFICS 1.26
20-2 SGACLYSDHLATCIGS 0.12
20-3 SGSCLYSDHLATCIGS 0.10
20-4 SGSCLFSDMLATCIGS 0.02
20-5 SGGCLYSDHAATCIGS 0.02
4-3 SGAGLYSDLGKTFIGS 0.01
0.8-3 SGGFHFTDKPTTIIGS 0.01
0.8-3 SGSFIFPTSVATFIGS 0.01
f88-4 n.a. 0.02
(3) Values are OD ys.490.
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seven immunizations) react strongly with B2.1 peptide (Table 4), with an average half-
maximal titer of 73,000, indicating that B2.1 is immunogenic in this context. However,
these sera react poorly with HIV-1 gp120 5, ,, even at the low dilutions tested (1:50)
(Table 4). Immunization with B2.1-expressed on the surface of phage or with B2.1
synthetically conjugated to phage also produce a range of anti-peptide and anti-phage
titers in BALB/c mice, but fail to elicit gp120 reactivity (Table 4). Similar results were
obtained with C57BL/6 mice (data not shown). One mouse, immunized with B2.1-
expressing phage, produced a titer of ~13,000 against the B2.1 peptide, yet failed to
produce significant gp120 reactivity (data not shown). Mice immunized with the B2.1-
f1.K conjugate produced somewhat higher anti-B.1 peptide titers than mice immunized
with B2.1-expressing phage, probably because of the increased B2.1 copy number
(~1200 copies per B2.1-f1.K phage compared to ~200 copies per B2.1 phage). Taken
togethe_r, these results demonstrate that the B2.1 peptide does not elicit antibodies that are
functionally similar to b12, indicating that it is not an immunogen mimic in mice.
A comparison of the anti-B2.1 sera with b12 for binding to the panel of B2.1 Ala-
mutant phage (Fig 2B) also supports this interpretation. Whereas the contact residue Phe
P7 seems to be important for binding to both b12 and the mouse antibodies, remarkable
differences were observed for the structural critical binding residues Tyr P5 and Cys P14.
Substitution of these two residues ablates binding to b12, but does not affect significantly
the reactivity with the anti-B2.1 peptide mouse sera, indicating that most antibodies

elicited by the B2.1/OV A conjugate in mice are different from b12.
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Affinity of B2.1 peptide and B2.1-MBP fusion protein

In previous work, we reported qualitative observations that B2.1 bound more
tightly to Fab b12 in ELISAs when adsorbed onto plastic or fused to maltose binding
protein (MBP) than as the free synthetic peptide captured by biotin-streptavidin
interactions (352). We also reported an in-solution affinity of the free synthetic peptide
for b12 measured by KinExa (Kd = 2.5 uM). Here, we report that the affinity of B2.1 for
b12 as measured by surface plasmon resonance (SPR) is similar to that determined by
KinExA: Kd = 5.0 uM (352) and kd = 6.9 uM for the binding-inhibition and steady-state
models, respectively (Table 5). Here, we also report experimental measurement of the
improved affinity of B2.1-MBP over free B2.1: Kd = 60 nM, and Kd = 20 nM as
determined by KinExa and SPR, respectively (Table 5). We also report here that the
affinity of synthetic B2.1peptide immobilized on a Biacore CMS5 chip is 160 nM, over an
order of magnitude stronger than that of the free peptide in solution (as measured by
KinExA). It is possible that some of the observed increase in the binding affinity resulted
from Fab re-binding, a phenomenon known to artificially slow down off-rates during the
measurement of binding constants in solid phase SPR experiments (225). Nevertheless,
taken together, the results confirm that the mode of presentation of B2.1 to b12
significantly influences the affinity of their interaction, and that tethering one terminus to

a protein or artificial substrate improves its antigenic structure.
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DISCUSSION

There is a common assumption about the connection between structural mimicry
and immunogenic mimicry, which holds that the closer an immunogen comes to having
the structure of a given epitope, the greater the likelihood that it will be able to elicit
antibodies against that epitope. A second assumption is that if a ligand binds an antibody
paratope where cognate epitope does, and with similar affinity to the cognate epitope, the
ligand will very likely mimic the contacts made by that epitope. The structure presented
here is the first example of a peptide bound to an antibody against a discontinuous protein
epitope. It is of importance because the epitopes recognized by most anti-protein
antibodies are discontinuous. We have characterized the mechanism of peptide binding to
bl2, and have compared that mechanism to what we can deduce about the mechanism by
which b12 binds to gp120, based on a docked model and extensive mutagenesis of b12
and gp120. Our hypothesis was that B2.1 mimics the D loop of gp120, in making
identical contacts with b12 to those made by the D loop. The peptide occupies only about
half of the cognate paratope, and, although a crystal structure of the b12 Fab-gp120
complex is not available for direct comparison, we have shown that the peptide occupies
a site of the paratope that binds a limited region (the D loop) of the cognate protein
antigen (gp120). Yet on closer inspection, the mechanism of binding at this site (defined
by the residues critical for binding of the peptide or the D loop to Fab) appears to differ
for the peptide and the cognate antigen, gp120. While the Ala substitution of many of the
D loop residues indicates that Asp279 is perhaps the only critical bihding residue there

(there are no data for Phe 277), there are three critical contact residues in the B2.1 peptide
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(Phe7 and Asp9, with Ser8 acting through a bound water). The overlap between critical
binding residues in the D loop and the B2.1 peptide indicates that there may be some
shared mechanism of binding by critical contact residues, particularly in their shared Asp,
and perhaps, Phe. The results of Ala substitution studies on the b12 Fab, particularly in
the light-chain CDR-L1 residues, Arg 29, Arg 31, and Arg 32, lend indirect support for
this notion; however, it also appears that the Ala-substitution of residues in b12, which do
not even contact B2.1, can affect binding of b12 to both peptide and gp120 (357). Thus,
even given the limited nature of the mimicry of the D loop by B2.1, there may be a more
glébal, shared mechanism of binding that is not easily defined.

So far there is only one previous study testing the hypothesis that a peptide can
mimic the gross structure and contacts with antibody made by a cognate eptiope, and it
involves a peptide mimic of a carbohydrate epitope (330). Side-by-side structures of the
peptide and oligosaccharide bound to an anti-carbohydrate Fab showed that both bind in
the same gross region, but by different structural mechanism in terms of the contacts that
the Fab makes with each antigen. Interestingly, the intrinsic affinities of each antigen for
Fab differed by only two-fold. Thus, in both cases, it appears that antibodies select
peptides to fit their cognate paratope, or part of it, but may accomplish binding through
different, and partially overlapping, contacts for peptide and cognate epitope. This may
have important consequences for the use of peptides as immunogenic mimics of a
cognate epitope.

A recent study (86) describes the identification of phage displaying b12-binding
peptides (in low copy number via pIlIl). The peptides have a binding motif (V(W/F)SD)

similar to the one we previously described, and shared by B2.1 (352). While no affinity
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studies were performed on the peptides, immunization of mice with whole phage elicited
low gp120 binding titers that lacked HIV-1-neutralizing activity (the anti-peptide
antibody response was not measured). This is in contrast to the results of the
immunizations reported here, which repeatedly produced strong anti-peptide titers, yet no
appreciable gp120 reactivity. Moreover, the critical binding residues in B2.1 that are
recognized by the highest-titer anti-peptide sera are quite different from those recognized
by the b12 antibody (Fig. 2). Perhaps the difference in the gp120 reactivity of anti-
peptide antibodies in the two studies is due to sequence differences among the peptides.
The work of Dorgham et al. (86) is important in suggesting that b12-binding peptides
elicit gp120 cross-reactivity. However, to definitively prove that these serum antibodies
specifically bind the b12 epitope on gp120, it should be clearly demonstrated that b12
blocks serum cross-reactivity with gp120.

There are several other possible explanations for the failure of B2.1 to act as an
immunogenic mimic for the b12 epitope on gp120. First, it is possible that the higher-
affinity B2.1-MBP fusion proteins would elicit bl2-like reactivity with gp120 (in contrast
to the lower affinity B2.1-OV A or phage conjugates). This seems unlikely since
recombinant phage displaying B2.1 elicited significant titers against B2.1, but no cross-
reactivity with gp120. Second, perhaps BALB/c mice cannot produce b12-like
antibodies, since murine antibodies, in general, do not have long CDR-H3 loops ion
contrast to many human antibodies, including b12. To address this, we plan to immunize
transgenic mice that produce human antibodies, including those having long CDR-H3s
(124) with recombinant B2.1. Third, it may be that b12 is such an uhusual antibody that it

cannot be produced after a few rounds of immunization; it has 28 mutations and an 18-
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residue CDR-H3 (13) and the reversion of several residues to germline sequence affect
gp120 binding (357). We have screened the sera of a number of HIV-infected people
from whom samples have been collected over time, and who followed different clinical
courses, and we have yet to observe specific binding to the B2.1 peptide. This indicates
that B2.1 may be “too specific” to b12, and/or that b12-like antibodies are rarely
produced in natural infection (unpublished data, C. Wang, X. Wang, and J.K.S.).

More success has been seen with an engineered version of gp120 that selectively
binds to b12. Importantly, this gp120 variant does not bind well to CD4, and thus, is very
different from native gp120 at this site. Our studies showed that the binding of HIV+
serum antibodies to this gp120 could, in part, be blocked by the b12 Fab, indicating the
possibility of other, b12-like antibodies in the sera of HIV-infected people (unpublished
data, ibid). Such antibodies could be affinity purified on the engineered gp120, and
further tested for their ability to compete with b12 and to neutralize HIV-1. Since the
serum samples tested were taken during the first year after initial infection, neutralizing
antibodies obtained from them should have fewer somatic mutations. The identification
of antibodies capable of neutralizing even a limited range of primary HIV-1 isolates may
be of value to HIV-1 vaccine design.

Peptide ligands, such as B2.1, which are specific for antibodies against
discontinuous epitopes may play an important role in the development of epitope-targeted
vaccines via prime-boost immunizations (322). In this scenario, a priming immunization
with cognate antigen (in this case, gp120 or a particle bearing gp120) would elicit a
polyclonal B cell response, with only a small fraction of those cells i)roducing the desired

antibody. A second boosting immunization, this time with the antibody-specific peptide,
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would serve to selectively enhance the production of the targeted antibody. To be
successful, a prime-boost immunization strategy such as this must fulfill two criteria: (i) a
common T cell epitope must be present and functional in both the prime and the boost to
drive B cell proliferation and differentiation, and (ii) the priming immunization must
activate B cells that produce the targeted antibody, so that these clones can be selectively
re-stimulated in the boost. Both these criteria are achievable goals. In fact a successful
prime-boost immunization using a peptide mimic of a carbohydrate epitope has been
recently reported by Beenhouwer et al. (19). Thus, an antibody-targeting ligand may not
have to mimic the binding mechanism of a cognate epitope per se to selectively enhance
the production of a targeted antibody. Several laboratories are pursuing such prime-boost
strategies in one form or another (e.g., (19, 228, 352) The development such highly-
targeted immunization strategies could be of great significance to HIV-1 vaccine

research.
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APPENDIX.

Surface Plasmon Resonance and affinity determination.

The interaction of macromolecules can be followed in real time using biosensors
that exploit the optical phenomenon of surface plasmon resonance (SPR). SPR is a simple
and direct sensing technique that probes refractive index in the very close vicinity of a
thin metal film surface. For example, the accumulation of molecules in an aqueous layer
close to a metal surface causes changes in the refractive index that can be observed as a
shift in the properties of the detectable SPR.

The biosensor system developed by Biacore AB (Uppsala, Sweden) uses a
miniaturized sensor chip composed of a glass surface with a thin gold layer, which
creates the physical conditions required for SPR, and coated with an active surface (e. g.
dextran), to which ligand molecules can be immobilized. The immobilized molecule is
exposed to a flow chamber through which an analyte solution is injected at a controlled
flow rate. Binding of the analyte to the ligand increases the mass whereas dissociation
decreases it, these changes are detected as arbitrary resonance units (RU) that are plotted

against time, creating a sensorgram (for details see www .biacore.com). In the Biacore,

the association and dissociation of the analyte and the ligand can be observed in real time.
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Typically, a Biacore kinetic experiment involves the independent injection of
several concentrations of analyte over an immobilized ligand. The association and
dissociation of the analyte are recorded as a set of sensorgrams, from which association
(ka) and dissociation (kd) rates can be derived by fitting the data to any of several affinity
models described (23). From these rates, the constants at equilibrium (Ka and Kd) can be
calculated. Several basic experimental conditions must be meet for the kinetic data to be
accurate: (i) the range of analyte concentrations tested should include the Kd value of the
interaction, (i) the density of immobilized ligand should be kept at a minimum that gives
a detectable response and (iif) the flow rate of injection should be as high as practically
possible (22). A low density of immobilized ligand and a high flow rate are required to
avoid limitation of analyte mass-transfer from the buffer to the solid phase, allowing the
interaction rates to be driven by the affinity. Another important experimental
consideration is the valency of the analyte; (for example IgGs have two antigen-binding
sites), and the avidity caused by this bivalency would artificially increase the affinity of
the interaction. Thus, IgGs should not be used as analytes in kinetic assays. Even though
the IgG bivalency problem can theoretically be resolved by the use of a monovalent
analyte (like a Fab), other factors have to be taken into account before choosing Ab as
analytes in kinetic experiments.

Immobilization of antigens in a Biacore chip, followed by injection of an Ab
analyte may produce experimental artifacts, and thus artificial Kds. Two main problems
inherent to this set up are the potential heterogeneity of the immobilized ligand (as a
result of the immobilization procedure), which may lead to a mixture of

binding/dissociation constants (for a good description of surface-associated artifacts see
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(227)); and analyte re-binding effects that occur during the dissociation phase, even with
monovalent analytes (225). One way to minimize these problems is by using the Ab
instead as the immobilized ligand.

Methods for the determination of real Kds “in-solution” have been developed,
which essentially rely on the measurement of free analyte concentration in a reaction in
solution with ligand at equilibrium, under conditions of mass-transfer limitation (59, 225,
266). When the transfer of the analyte from the unbound, in-solution state to the bound,
solid phase state is limited, the association rate is driven by the free analyte concentration
and not by the affinity of the interaction. The experimental conditions for such assays are
therefore opposite to those for kinetic assays; i.e. the ligand is immobilized on the chip at
the highest possible density, and the injection flow rate is the lowest possible. Binding
data are collected early in the association phase, when mass-transfer limitation is at the
highest. Since the dissociation phase is not considered in this method, re-binding of the
analyte does not affect the data significantly. The disadvantage of the in-solution
inhibition method with respect to the kinetic one is that it only provides Kd at
equilibrium, and not ka or kd rate constants.

In keeping with these considerations, we have detected differences between the
in-solution inhibition and kinetic methods, similar to the results described by Nieba et al.
(225). Three examples of Kd heterogeneity are provided in Table 6: one with a b12 Fab
and B2.1 peptide pair (see Chapters 2 and 3), a second example involving gp160 and 2F5

IgG, and a third one with E4.6 peptide and 2F5 IgG.
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Table 6. Binding constants obtained by surface plasmon resonance may be strongly
influenced by the experimental set up.

Exp Ligand® Analyte®  Method® kg xd Kd?
# (1/Ms)  (1/s)

1 B2.1 peptide bl2 Fab Kinetics 39e4 6.1e-3 160nM
2 B2.1 peptide b12 Fab Equil/Sin ‘ 5.0 uM
3 bl2 Fab B2.1 peptide Steady 6.9 uM
4 B12 IgG-B2.1 peptide KinExA 2.5 uM
5 gp160ms 2F5 IgG Kinetics 1.1e5 2.1e-7 1.8 pM
6 ap160ys 2F5 IgG Equil/Sin 720 nM
7 E4.6 peptide 2F5 1gG Kinetics 26e6 19e-3 710pM
8 E4.6 peptide 2F5 IgG Equil/Sin 0.95 uM
9 E4.6 peptide 2F5 IgG Equil/SIn 0.84 uM
10 E4.6 peptide 2F5 1gG Equil/SIn 1.10 uM

a. Ligand refers to the reactant immobilized on the chip in the kinetic experiment.

b. Analyte refers to the reactant in-solution, which is injected on the chip in the kinetic
experiment.

c. Method refers to the procedure used for the experiment or analysis; Kinetics involves

the flowing of analyte over the immobilized ligand and calculation of association (Ka)

and dissociation (Kd) rate constants, in this instance the constants at equilibrium are

calculated from the rate values. Equil/Slin is based on the determination of free antibody
in a set of reactions at equilibrium in solution, for which a fixed antibody concentration is
reacted with a several concentrations of peptide/protein inhibitor; in this type of
experiment only the association and dissociation constants are obtained. Steady refers to
data obtained using the steady-state affinity model on a kinetic-like experimental set up.
KinExA is an independent method that does not rely on SPR (see text). For specific
details in experiments 1 and 2 see Chapter 3, for experiment 4 see Chapter 2, for
experiments 5 to 10 see Chapter 5.

d. Kd: dissociation constant at equilibrium.
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B2.1 peptide-b12 Fab: Kinetic assays with immobilized peptide and Fab analyte
(Exp # 1 in Table 6) produced higher affinity (Kd = 160 nM) than that observed by the
in-solution inhibition method (Exp # 2, Kd = 5 uM), the steady-state method with Fab
ligand and peptide analyte (Exp #3, Kd = 6.9 uM), and also by KinExA (Exp #4, Kd =
2.5 uM, see Chapter 2). The similarity of Kds obtained with the in-solution inhibition, the
steady-state method, and KinExA (see below) suggests that the real Kd for the B2.1-b12
interaction is ~ 5 uM and that the lower Kd observed with the kinetic method is an
experimental artifact, likely due to Fab re-binding as described by Nieba et al. (225). It
should be noted that the analysis at steady-state (Exp # 3) was performed with data
generated by the same experimental conditions as the kinetic method, except that the
immobilized ligand was the b12 Fab and the analyte in-solution was the B2.1 peptide, a
situation reversed from Exp #1. Since the affinity of this interaction is low, typical
association and dissociation curves were not observed in Exp # 3, preventing the
generation of kinetic data.

The KinExA instrument differs from Biacore in that it is not based on SPR. The
instrument is a flow spectrofluorimeter on which free Ab from a reaction at equilibrium is
captured with an antigen-coated bead pack, and quantified with a second fluorescently-
labeled antibody (27). Data generated by Biacore and KinExA are comparable, as has
been reported by Drake et al. (87) for several antigen-antibody pairs with Kds ranging
from nM to pM. In addition to the b12 Fab-B2.1 peptide pair, we have also observed
good agreement between rate constants determined by both KinExA and Biacore for

2G12-2G12-binding peptides (see Chapter 5).
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gp160-2F5 IgG: An artificial, very high affinity was observed for this interaction
if gp160 was used as immobilized ligand, and 2F5 IgG as analyte (Exp #35, see also
Chapter 4). This high affinity was based on the lack of dissociation of 2F5 IgG from
gp160 over a time period of 15 minutes. However, in-solution inhibition assays (Exp #6)
produced a Kd that was five orders of magnitude higher. It should be noted that
recombinant gp160 preparations are usually multimeric (and therefore multivalent) to
some extent, which may contribute to aberrant data, even with the in-solution method.
Also, it is not clear whether there are significant differences in the antigenicity of
multimeric and monomeric gp160 for 2F5.

E4.6 peptide-2F5 IgG: This example shows the same trend as the B2.1 peptide-
b12 Fab pair, with even more marked differences between the two methods, since
bivalent IgG was used (compare Exp #7 vs. 8,9 and 10 and see Chapter 4).

We have therefore, favored the use of the “in-solution” inhibition method in most
instances (see also Chapters 4 and 5). Our results confirm the validity of those by Nieba
et al. (225), and add a cautionary note to the determination of Kd by simple derivation

from kinetic data.
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SUMMARY

2F5 is one of a few human antibodies that neutralize a broad range of HIV-1
primary isolates. The 2F5 epitope on gp41 includes the sequence ELDKWA, with the
core residues, DKW, being critical for antibody binding. HIV-neutralizing antibodies
have never been elicited by immunization with peptides bearing ELDKWA, suggesting
that important part(s) of the 2F5 paratope remain unidentified. The use of longer peptides
extending beyond ELDKWA has resulted in increased epitope antigenicity, but
neutralizing antibodies have not been generated.

We sought to develop peptides that bind to 2F5, and that function as specific
probes of the 2F5 paratope. Thus, we used 2F5 to screen a set of phage-displayed,
random peptide libraries. Tight-binding clones from the random peptide libraries
displayed sequence variability in the regions flanking the DKW motif. To further reveal
flanking regions involved in 2F5 binding, two semi-defined libraries were constructed
having twelve variegated residues either N-terminal or C-terminal to the DKW core (X|,-
AADKW and AADKW-X,,, respectively). Three clones isolated from the AADKW-X,,
library had similar high affinities, despite a lack of sequence homology among them, or
with gp41. The contribution of each residue of these clones to 2F5 binding was evaluated
by Ala-substitution and amino-acid-deletion studies, and revealed that each clone bound
2F5 by a different mechanism. These results suggest that the 2F5 paratope is formed by at
least two functionally distinct regions: one that displays specificity for the DKW core
epitope, and another that is multispecific for sequences C-terminal to the core epitope.
The implications of this second, multispecific region of the 2F5 paratope for its unique

biological function are discussed.
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INTRODUCTION

Human monoclonal antibody (MAb) 2F5 is one of the few HIV-1-broadly
neutralizing antibodies identified so far (71, 315). Passive transfer of 2F5, in combination
with other neutralizing human MAbs, has conferred sterilizing protection to viral
challenge in several animal models (140, 196, 201). 2F5 binds with high affinity to a
conserved site on the extracellular region of the transmembrane protein gp41 (residues
662-667, amino acid sequence ELDKWA) (64). Results from screening of phage-
displayed peptide libraries and from 2F5 IgG binding studies to substituted synthetic
peptides have shown that the tri-peptide DKW is required for binding, and thus
constitutes the core of the epitope (64, 261). The crystal structure of 2F5 in complex with
the short synthetic, peptide ELDKWA, revealed a type I B-turn formed by the residues
DKW. It also showed that extensive regions of the putative antigen-binding site on the
antibody, more specifically the apex of the long H3, did not contact the peptide,
indicating sites of potential interaction with other parts of the envelope spike and/or lipid
on the surface of the virus (231).

Direct binding of 2F5 to viral particles and infected cells has been observed by
Sattentau et al. (287) and Zwick et al. (356), suggesting that the epitope is expressed and
accessible on the pre-fusogenic viral envelope. However, other studies indicate that the
2F5 neutralization-sensitive epitope is exposed or formed only after the virus has
contacted the cellular receptors, and triggered the cascade of events leading to fusion of
the cellular viral membranes (24, 121). This contradiction can be explained by the work

of Poignard ez al. (253), which indicates that the viral envelope spikes exist in both
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infectious and non-infectious forms; very probably 2FS5 binds to both forms. Thus, the
unique neutralizing properties of 2F5 reside in its specificity for a cryptic site on the
infectious spike that is probably exposed during infection.

The potency and breadth of 2F5’s neutralizing capacity suggest an important
biological role for the membrane-proximal ectodomain of gp41, making it an attractive
candidate for vaccine purposes. However, multiple efforts to elicit antibodies with the
specificity and neutralizing activity of 2F5 by immunization with different forms of the
ELDKWA fragment have repeatedly failed (63, 92, 102, 186). Several studies have tested
the antigenicity and immunogenicity of larger peptide epitopes based on the gp41
sequence, as well as peptides having novel structural constraints that optimize
antigenicity (15, 163, 203, 311). However, even with these improvements, the antibodies
generated bind to synthetic peptides and/or to recombinant envelope, but do not
neutralize primary HIV-1 isolates (163, 203). These disappointing results suggest that the
ELDKWA fragment and extensions of it do not represent the entire 2F5 epitope, or that
the neutralizing epitope, if present, is not immunodominant. In addition, it is not clear
whether the failure to elicit 2F5-like antibodies results from the presence of an
incomplete epitope in the immunogens used so far, and/or because antibodies having the
unusual structure of 2F5; (30 somatic mutations and a very long, 22 residue, H3 loop)
(173) are difficult to elicit by conventional immunization strategies. Antibodies
functionally similar to 2F5 are rarely produced in natural infection (173, 198, 218), even
though reactivity against ELDKWA -containing peptides has been consistently observed

in the serum of HIV-1-infected subjects (40, 47, 112).
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In the work reported here, we screened several primary and semi-defined phage-
displayed peptide libraries with MAb 2F5 with the objective of finding peptide antigens
with more extensive coverage of the 2F5 paratope than that of gp41-based peptides. We
analyzed the sequence requirements of 2F5 by using it to screen a panel of random
peptide libraries. Our data led us to postulate that if we reduced binding to the DKW core
and extended the randomized regions flanking it, we could produce libraries that would
identify unique, nearby regions in the antibody paratope that have the potential to bind
protein. We found that the residues flanking the DKW core on the C-terminal side are
required for high-affinity binding to 2FS5, and that the antibody binds tightly to several
unrelated sequences in this region, making the 2F5 paratope multispecific. Thus, our
results indicate that the 2F5 paratope comprises two regions: one that is highly selective
for the core sequence DKW, and another that binds C-terminal to the core and is
multispecific. We discuss how these results pertain to 2F5’s unique biological properties,

and to epitope-targeted and antibody-targeted vaccine development.

MATERIALS AND METHODS

Materials:

Seventeen “primary” phage libraries displaying fully-randomized peptides (with
some libraries containing 1-2 fixed Cys residues) (30) were screened with MAb 2F5 IgG.
Semi-defined peptide libraries were constructed using the vector f88-4 (351), according
to Bonnycastle et al. (32). MAb 2F5 IgG and HIV-1 envelope proteins were obtained

from the NIH AIDS Research and Reference Reagent Program and the MRC Centralised
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Facility for AIDS Reagents. MAb 2FS5 was also donated by H. Katinger (University of
Agricultural Sciences, Vienna). 2F5 Fab was kindly donated by M. Zwick and D. Burton
(The Scripps Research Institute, La Jolla, CA), it was produced in E. coli using a
pCOMB-3-based expression system developed by Zwick et al. (355). Oligonucleotides
were synthesized "in house" using an ABI 392 synthesizer, or by the NAPS Unit at the
University of British Columbia, Vancouver, Canada. Peptides E7.3,
SCPPESDRWSCFAEGK(bio); E8.3, SCDKWVPYCAAEGK(bio); E9.6,
ARANTCDKWALPCNTGNAEGK(bio); E10.10, ALGTNCDKWACMHY AEGK (bio);
E11.6, YCTAPLNADKWSCTAEGK( (bio); H2.5,
SRKELDKWASTDCMQCQAEGK(bio) and ME2FS, GGELDKWAGGGK (bio) were
synthesized using a multi-pin system from Chiron Mimotopes PTY Ltd (Victoria,
Australia) and Fmoc chemistry, according to the manufacturer's instructions. Peptide
E4.6, LHEESMDKWSNLMQCCTAAEGK(bio) was purchased from Multiple Peptide
Synthesis (San Diego, CA). Synthetic peptide concentrations were determined by
measuring their absorbance at 280 nm, and calculating concentration using an extinction
coefficient of 5560 for each Trp residue in the peptide segeunce. Protein concentrations
were determined with the Protein Assay kit from Biorad (Hercules, CA).
HRP-conjugated, goat anti-human Ig G (Fab-specific) and HRP-conjugated
Neutravidin Were purchased from Pierce (Rockford, IL). A MAD against the maltose-
binding protein of E. coli (MBP) was from New England Biolabs (Beverly, MA).
Dialyzed BSA, dithiothreithol, H,0, and ABTS were purchased from Sigma (St. Louis,

MO).
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Bacterial strains and culture media:

E. coli strain K91 was used for phage production, following the procedures
described in Bonnycastle et al. (31). NZY Tet/IPTG was routinely used for phage
amplification. Electrocompetent E. coli strain MC1061 was used to produce mutant
phage in site-directed mutagenesis studies, and for the production of peptide libraries
(32). E. coli strain ER2507, a gift from New England Biolabs, was used for the

production of the MBP fusion proteins.

DNA manipulations:

The generation of deletion mutants was performed using linear, single stranded
phage DNA as template, following the procedure described in Bonnycastle et al. (30).
Site-directed mutagenesis for the generation of amino acid substitutions and deletions
were made with closed, circular single strand phage DNA as described in Sambrook et al.
(276). The transfer of peptide coding sequences to the MBP fusion system pMALX and
the conditions for culture and purification of the protein have been described by Zwick et
al. (353). DNA sequencing from partially purified phage clones was performed with the
Thermo Sequenase II Dye Terminator Cycle kit (Amersham Biosciences, NJ) following
the manufacture's instructions. DNA fragments from the sequencing reactions were

resolved using an ABI 373 apparatus and analyzed with EditView 1.0.1 software.

Screening of peptide libraries and characterization of peptides:
The biotinylation of antibodies was performed as described in Menendez et al.

(205). The seventeen primary phage-displayed peptide libraries were screened "in
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solution" with 100 nM 2FS5 IgG, according to Menendez et al. (205). Phage-antibody
complexes were captured out of solution with streptavidin-coated magnetic beads (Dynal,
Lake Success, NY). The semi-defined libraries were subjected to three separated
screenings with three different, low concentrations of biotinylated 2F5 Fab (0.1, 1 and 10
nM). Starved K91 cells were infected with pools of phage selected after the third rounds
of screening, and individual clones were isolated and amplified in 2 ml NZY Tet/IPTG as
described in Bonnycastle ez al. (31). Phage were partially purified and concentrated by
precipitation with PEG/NaCl and re-suspension in TBS containing 0.02% (w/v) sodium
azide. Phage concentrations were estimated by agarose gel electrophoresis and optical
density determination as described in Bonnycastle ez al. (31). PEG-purified phage clones

were used for ELISAs and DNA sequencing.

ELISA—:

Phage ELISA were performed as described in Zwick et al. (30). Briefly, 2 x 10"
phage particles were adsorbed to microtiter wells at 4°C overnight, followed by blocking
with 200 ul TBS containing 2% (w/v)BSA for one hour at 37 °C. The plates were washed
three times with TBS containing 0.1% Tween (v/v), and incubated with the target
antibody for 2 to 4 hours at room temperature. The plates were washed six times, and 35
ul of a 1:500 dilution of goat anti-human (Fab specific) antibody conjugated to HRP were
added for one hour at room temperature. The plates were washed six times, and the
reaction was developed with 0.03% (v/v) H,0, and 400 pug/ml ABTS in citrate/phosphate
buffer. Optical density was measured in a Biotek EL 312¢ plate reader at 405 and 490 nm

for a time period of up to 45 minutes. Values of absorbance at 405 nm minus absorbance
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at 490 nm are reported. Replica, phage-coated wells were reacted with a rabbit polyclonal
anti-phage antibody to verify that similar amounts of phage particles were adsorbed to the
plate. Bound anti-phage antibody was detected with a protein A-HRP conjugate (Pierce)
and the H,O,/ABTS mixture described above.

For synthetic peptide ELISAs, 35 ul TBS containing 1 pg streptavidin (Roche
Diagnostics, QC, Canada) were added to the microtiter wells and incubated at 4 °C
overnight. Next day, after blocking with TBS/2% BSA at 37°C for one hour, an excess of
biotinylated peptide (100 ng in 35 ul TBS) was added to each well and captured for 30
minutes at room temperature. The addition and detection of bound antibody were
performed as described for the phage ELISA.

Reducing ELISA included an additional step of treatment with 100 nM DTT for 1
hour at 4 °C after the BSA-blocking step. The incubation with 2F5 was carried out in the
presence of 5 mM DTT to prevent re-formation of the disulfide-bridges in the peptides.

For peptides- and MBP-titration ELISAs, we used a procedure that captured the
antigen out of solution in a monovalent fashion, thus minimizing avidity. 2F5 IgG (100
ng in 35 ul TBS) was adsorbed to microtiter wells at 4°C overnight. Next day, the
antibody was removed, and the wells were blocked with 200 ul of 2% BSA in TBS at 37
°C for one hour. The wells were washed three times with TBS/0.1% Tween, and 35 ul of
serial dilutions of the synthetic peptides or the MBP fusions were added and incubated
for two hours at room temperature. The wells were washed six times with TBS/0.1%
Tween. For detection in the peptide titrations, 35 ul 1ug /ml Neutravidin-HRP were
added and incubated for 30 minutes at room temperature. For detection in the MBP

fusion titrations, 10 nM of a biotinylated anti-MBP monoclonal antibody was added and
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incubated for one hour at room temperature, the plates were washed six times, and 35 pl

of 1pg /ml Neutravidin-HRP were added and incubated for 30 minutes at room

temperature. The reactions were developed with H,0, and ABTS as described above.

Affinity determinations.

The affinity of 2F5-antigen interactions was studied at the University of British
Columbia Centre for Biological Calorimetry using a Biacore 3000 apparatus (Biacore
AB, Uppsala Sweden). The binding-inhibition procedure described in Nieba e? al. (225)
and Karlsson (165) was followed. CMS5 sensor chips were covalently coated at high
density with synthetic E4.6 peptide using the Biacore amide coupling kit and following
the manufacture's instructions. Independent reactions of 2F5 Ig G and peptide or protein
analytes were incubated at 4 °C overnight in buffer HBS-EP (Biacore) to allow them to
reach equilibrium. The final 2F5 concentration used was 5 nM for all experimental
points; six or seven analyte (synthetic peptides or MBP fusion proteins) concentrations,
ranging from 27 nM to 5.4 uM, were routinely explored in a single experiment.
Equilibrium reactions were injected in duplicate over a E4.6-coated chip at a flow of 3 pl
/minute. Under these conditions, binding of the antibody to the chip is limited by mass
transfer, thus the reaction is driven by free antibody concentration, and not by the affinity
for the immobilized ligand (266, 348). Bound antibody was recorded as resonance units
very early in the association phase (ten seconds after the start of the injection). The
concentration of free antibody for each reaction was estimated by comparison of the
experimental data with an antibody calibration curve generated with 2F5 concentrations

of 1.25 to 20 nM, in the absence of antigen. Free antibody concentrations were plotted
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against their respective analyte concentration, and the curves were fitted to the "in

solution" affinity model provided with the BiaEvaluation 3.1 software (Biacore).

RESULTS

2FS selects phage bearing peptides with multiple DKW-flanking sequences from
primary phage-displayed peptide libraries.

IgG 2FS5 was used to screen seventeen phage libraries displaying fully-
randomized peptides of varying length (30). The phage libraries are built in the f88-4
vector, which allows a single phage particle to display 30 to 300 copies of the same
peptide fused to the N-terminus of the major coat protein pVIIIL. The displayed peptides
in many of the libraries also bear one or two fixed Cys residues. Sequence analysis of
clones, shown in Table 1, revealed that 2F5 mostly selected phage carrying a short core
epitope sequence homologous to that of HIV-1-gp41 (DKW, LDKW or DKWA). Some
variations as DRW and DPW were also observed. The clones neither displayed
significant homology to gp41, nor formed an identifiable consensus sequence in the
regions flanking the DKW, indicating that the selection was primarily based on the
presence of the DKW motif. However, DKW-flanking sequences apparently determined
overall binding affinity, since large differences in ELISA signals were observed among
clones sharing the DKW motif. Interestingly, phage bearing peptides with potentially
Cys-constrained loops of different length were also selected, the shortest loop being four
residues long. Clones E6.5 and E4.6 showed the strongest 2F5 reactivity. The tighter

binding of 2F5 to these clones was not a result of increased peptide expression (nor of
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Table 1. Phage-displayed peptides selected by MADb 2F5 contain the core sequence DKW
and display sequence variability in the regions flanking DKW. The core DKW sequence
is in bold. The Ala residue corresponding to the first amino acid of the phage pVIII
protein is indicated in parenthesis. Values are expressed as the optical density at 405 nm

minus that at 490 nm.

Clone ELISA Sequence
E6.5 0.98 MVLDKW (A)
E4.6 0.96 LHEESMDKWSNLMQCCT
E9.6 0.73 RANTCDKWALPCNTGN
H2.5 0.68 SRKELDKWASTDCMQCQ
El11.6 0.67 YCTAPLNADKWSCT

E10.10 0.58 LGTNCDKWACMHY
E8.3 0.54 SCDKWVPYCA
E6.7 0.54 NSLDKW(A)

El19 0.42 DCLTPDRWVSFPSGCM
E8.1 0.40 TCDKWVARCE
Ell.1 0.36 VCPKSAQMDRWYCL

E10.1 0.28 LDALCDKWSCAKMN
E9.8 0.27 HYETCDKWHLCDSHS
H2.6 0.25 RCAQVLACLPTHDLDKW (A)
E9.9 0.23 AGLYCDKWQTNCKISE
E7.3 0.15 SCPPESDRWSCF
E7.6 0.14 KCDKWAYDEDCL
f88-4 0.05 parental vector
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peptide dimerization for clone E4.6), as evaluated by reducing and non-reducing SDS-
PAGE of phage clones, which separates recombinant pVIII proteins from wild-type ones
(data not shown). Thus, 2F5 binds to a large array of peptide sequences that contain the
DKW core epitope, demonstrating both a strict requirement for the DKW motif, and the
tolerance of multiple sequences in the DKW flanking regions that contribute to affinity.

We focused on a group of clones bearing the DKW motif flanked by Cys
residues, whose structure is potentially constrained by disulfide bridging (Table 1 clones
E7.3, E8.3, E9.6, E10.10 and E11.6). The introduction of disulfide or (3-lactam bridges in
2F5-binding peptides has, in several instances, improved affinity for 2F5 (203, 311). Our
previous experience has shown that, in most cases, if two Cys residues are present in a
phage-displayed peptide they usually form an intra-chain disulfide bond, and therefore
the peptide is displayed as monomer on analysis of whole phage by non-reducing SDS-
PAGE (358). In contrast, peptides bearing a single Cys residue (and some containing two
Cys) have a strong tendency to form inter-molecular bridges, and thus the peptides are
typically displayed as homo-dimers instead of monomers (352, 358). SDS-PAGE
performed in the presence or absence of the reducing agent DTT confirmed the
monomeric status of the peptides expressed by the phage clones E7.3, E8.3, E9.6, E10.10
and E11.6. Phage ELISA under reducing conditions indicated that disulfide bridges were
required for 2F5 binding to all of the clones (data not shown).

A set of synthetic peptides was produced (H2.5, E4.6, E7.3, E8.3, E9.6, E10.10,
E11.6 and H2.5) for the experiments described below. The peptides were designed so that
their C-terminal sequences would include N-terminal residues (AEG or AAEG) of the

phage major coat protein, pVIII. Also, a biotinylated Lys was introduced at the
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C terminus to facilitate immunochemical assay. A peptide (ME2F5) containing the
sequence of the native, six-mer epitope (ELDKWA) was also made as a control. Binding
of 2F5 to streptavidin-captured synthetic peptides was analyzed by direct ELISA, with
results similar to those from phage ELISAs (data not shown). Thus, the behavior of the
synthetic peptides was similar to that of their phage-displayed counterparts.

These ELISAs were again performed under reducing conditions (Table 2a) to
assess the role of potential disulfide bridges in the binding of 2F5 to the cyclic peptides.
Biotinylated peptides were captured on immobilized streptavidin and treated with 100
mM DTT. The peptides were then reacted with 2F5 IgG in the presence of a low (5 mM)
concentration of DTT, which allowed binding of 2FS to the peptides, but prevented re-
formation of disulfide bridges in the peptides. Dependency of an intact disulfide bridge
was observed for all peptides having the DKW sequence bordered by Cys residues (E8.3,
E9.6 and E11.6), and was not detected in similarly-treated clones bearing "linear”
peptides (DKW outside the Cys loop or no Cys residues). Substitution of Cys to Ser in
clone E8.3, by site-directed mutagenesis, confirmed these findings and ruled out artifacts
of the assay in the observed DTT sensitivity (Table 2b). The results showed that, for most
peptides containing two Cys, the constraint(s) imposed by a disulfide bridge are
important for binding of 2F35 to phage-displayed peptides or to their synthetic-peptide
counterparts.

To detect differences in binding affinity that could have been suppressed in the
direct ELISAs (due to bivalent binding of the IgG to multivalent peptide on phage), in-
solution titration assays were performed, in which the 2F5 IgG was immobilized onto

microtiter wells and synthetic peptides were captured from solution in a monovalent
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Table 2. (a) ELISA on 2F5-binding synthetic peptides under non-reducing and reducing
conditions. (b) 2F5 ELISA on wild type and Cys-substituted mutants of clone E8.3.
Values are expressed as the optical density at 405 nm minus that at 490 nm.

a.

Peptide Sequence No DTT DTT
EQ.6 ARANTCDKWALPCNTGN(AEGK)-bio .851 .285
E11.6 YCTAPLNADKWSCT(AEGK)-bio .570 .205
E8.3 SCDKWVPYCA(AEGK)-bio 742 118
E10.10 ALGTNCDKWACMHY (AEGK)-bio 571 242
E7.3 SCPPESDRWSCF(AEGK)-bio .106 .064
E4.6 LHEESMDKWSNLMQCCT(AEGK)-bio .893 907
H2.5 SRKELDKWASTDCMQCQ(AEGK)-bio .796 .865
MEZ2F5 GGELDKWAGGGK(AEGK)-bio 772 799
No peptide - 032 .017
b.

Phage clone Sequence ELISA 2F5 ELISA anti-phage
E8.3 wild type SCDKWVPYCA 1.00 0.76
E8.3C5'/S SSDKWVPYCA 0.08 0.77
E8.3C3'/S SCDKWVPYSA 0.07 0.79
f88-4 - 0.01 0.00
No phage - 0.01 0.01
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Figure 1. A synthetic peptide bearing the displayed sequence from the E4.6 phage clone
binds 2F5 IgG tighter than the native hexa-peptide epitope (ME2F5) in titration ELISA.
2F5 IgG was adsorbed to microwells and used to capture biotinylated peptides from
solution at the concentrations indicated; bound peptides were detected with Neutravidin-
HRP and ABTS. Values are expressed as the optical density at 405 nm minus that at 490
nm.
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fashion. Bound peptides were then detected via their biotin group using a Neutravidin-
HRP conjugate. The results in Figure 1 show that peptide E4.6 was the tightest binder,
even though H2.5 carries the complete ELDKWAS sequence present in gp41. Different
from gp41, in which hydrophobic (Leu) and acid (Glu) residues predominate proximal to
the N-terminal side of the DKW core, peptide H2.5 has two basic amino acids (Arg and
Lys) that could negatively influence its reactivity. The control peptide ME2F5 showed
poor reactivity as compared to E4.6 and H2.5.

Taken together, these results show that the DKW core is essential for binding of
MAD 2F5 to synthetic and phage-displayed peptides. Moreover, 2F5 has increased
affinity for peptides bearing a diversity of sequences flanking the DKW motif, even
though those sequences do not share homology to HIV-1 gp41. Thus, for each clone, 2F5
binding is determined by its flanking sequences and/or by the presence of constraints

imposed by disulfide bridging.

The flanking region C-terminal to the DK'W motif is important for strong peptide
reactivity with MADb 2FS5.

We wanted to further explore the specificity of the 2F5 paratope with regard to
the level of sequence variation permitted around the DKW core. Thus, we constructed
two phage-displayed, semi-defined peptide libraries containing the minimal-binding
sequence, DKW, flanked by twelve variegated residues at either the N or C terminus, to
investigate the extent to which the N- and C-terminal regions are involved in binding to
the antibody. The rationale of the design was to produce two libraries with minimal

binding to 2F5, and to select flanking residues that would increase the affinity of

121



ITAMTIMNIINIMNMISYMIATITTIAOINMAOONDS Tdb

122

ao9FYY LOOOWINSMIANSIIHT +HH+ 9'p3
oAVYIIALLAdSHAMOSMIAYY -/+ S IXa
OAVYWYADTLIYAYMISMIAYY -/+ € IXA
OAYVILOTISONSSMASMIAYY -/+ #'0TXA
aoAavY L TWIATISOSAMTISMIAYY -/+ €°0TXa
dOTVEYMIAAYWINHYALSMIAYY -/+ 1°0TXA
oAV TIAdILSAIIAASMIAYY + LT PUXa
aoAvVdSIdTIAdLADTISMIAYY ++ 1AW 2: ) (e
doAVYITIdSAAOMIMISMAAVY SR 2z vdxa
@oFVYTLILLAOVINAMASMIAYY +HH+ G'0TXd
doIYYOHSdS AL TS THSMIAVY FHH+ 1°IXQ
OV XX XXX XXXXXXXSMIAYY - qns ¢txq
aodvyY SMAAYYTdAMASAISADXH - G'0TAX

a9AYY SMIAYYIMATILNILAIO - 7 0TAX

ao9AVY SMIAYVY IV TISOIANMAA - €°0TAx

ao9AFVV SMIAYVAddYTISIMAY T + PP paax

a9dVV SMAAYYTANNTIISYYONS + v vHax

d9dVY SMIUYMIATIAAAXIDE HH++ Z2'1ax
do9dvVSMIATAMWHISYHAS L FHH+ 2'0Tax

d9FVVSMIAYY X AYMIATRNAYI I FH+ T°0TAX

AOAVY SMAAYYX XX XXX XXX XXX - qns gerx

92uanbasg bulpuig auo|D

"urj01d 1809 J0lew 9Feyd sy} Jo SNuIWIA-N

93 03 spuodsarioo GOAVY 2ouanbas oy, “A[oanoadsar ‘Surusards ay) 210Joq saLRIQINS 2'Y- MM PUe ASIA-4'X 24)
0} 19Ja1 qns &'} pue qns (J'X "9'/q SUO[d W01y [euSIs SY) YIIm PIZI[euLIou ‘Sy ST Juapuadapur om) uo paseq syrun
Suipuiq Areniqre ut pjuasardar si pue ‘yVSIT ut OI] Sz Yum Ananoear o3eyd o) s1o5a1 Suipurg saureIq - I
pue MI-*'X sy Jo Suruaaros Aouaduins ysiy £q parejost sauoo ageyd Aq pekerdsip sapndad jo seouanbag ‘¢ s[qe,



interaction with the antibody. Two Ala residues were introduced at the N-terminal side of
the DKW core to prevent selection of the native Glu and Leu residues at those positions;
a Ser was fixed C-terminal to the DKW based on the sequence from clone E4.6. These
three substitutions decreased binding to 2F5 to undetectable levels, as revealed by ELISA
on phage clones that were picked from the libraries at random, and the whole libraries
(Table 3). Thus, the affinity of tight-binding clones selected from the libraries by 2F5
should depend upon both the DKW core, and sequences selected from the variegated N-
or C-terminal flanking regions.

The libraries X,,-AADKW and AADKW-X,, (comprising ~10° independent
clones each) were subjected to three rounds of high-stﬁngency affinity selection using
biotinylated 2F5 Fab in-solutior_l. The deduced amino acid sequences of the selected
clones are shown in Table 3. As observed in clones selected from the primary libraries,
the sequences of the DKW-flanking regions shared little homology with the native
sequence of gp41, nor could they be formed into consensus groups. However, some
general patterns were observed: A hydrophobic amino acid was always selected at
position (-3) (i.e., three residues N-terminal to the Asp in DKW) from the X,,-AADKW
library, and Leu was the most frequent residue selected. Nevertheless, the selection of a
Leu at this position was not sufficient to recover high-affinity binding in the context of
the clones. All clones carrying Leu (-3) showed only marginal reactivity with 2FS5 in
ELISA; in fact, Tyr or Trp were present at this position in the tightest-binding clones
(XD10.1, XD10.2 and XD1.2). Clones selected from the AADKW-X,, library showed
selectivity for a hydrophobic residue at the position (+3) (i.e., three residues C-terminal to

the Trp in DKW), where a Leu or a Trp were preferentially selected. Again, the presence
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of a hydrophobic residue at this position appeared to be required, but was not sufficient to
achieve high-affinity binding to MAb 2F5. We also noticed a marked prevalence of
acidic residues (Asp and Glu) on both sides of the DKW core epitope.

Most of the clones isolated from the two libraries showed relatively poor binding
to 2F5 IgG in ELISA, as compared with clone E4.6 (Table 3). Rare mutational events
dominated selection from the X,,~AADKW library, as the tight-binding clones duplicated
the epitope at a position closer to the N-terminus, and thus acquired a longer C-terminal
flanking region (clone XD10.1, IEADMLDRWAYYAADKWSAAEG), or mutated the
Ala residues and created an expanded epitope (clone XD10.2,
TSPHASLHMWDLDKWSAAEG), or expanded and moved the epitope toward the N
terminus and acquired a Trp in position (+3) (clone XD1.2,
EGPYVDYPLDKWAEWSAAEG). These results indicate that binding to 2F5 cannot be
improved significantly through this means of optimizing sequences flanking the N-
terminus of AADKW.

In contrast, strong reactivity of 2F5 to several clones from the AADKW-X|,
library was based solely on differences in their C-terminal sequence, indicating that there
are specific requirements for binding that can be localized to the region C-terminal to
DKW. One clone with a second DKW motif in the randomized region, (DX10.1,
AADKWSTEAHNLMAVDKWAAEG) was selected, but it was a relatively weak
binder. Clones DX1.1, DX10.5 and DXR4.22 were especially tight binders, and did not
display homology in their flanking regions, indicating that tight binding to 2F5 can be
achieved by more than one particular sequence flanking the C-termihal side of the DKW

core. To confirm and further explore the binding properties of the selected peptides to
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MAbD 2F35, the peptide-coding sequences of several clones were transferred to an MBP
fusion expression system, and the peptides were expressed as N-terminal fusions to MBP.
This allowed the peptides to be analyzed for binding to 2F5 IgG in a monovalent fashion,
out of the multivalent context of the phage coat. As shown in Figure 2, clone XD1.2 from
the X,,-AADKW library showed the strongest reactivity with 2F5; this clone was heavily
mutated with respect to the original library design, and bears the native LDKWA
sequence plus hydrophobic residues at (-3) and (+3) positions. The reactivity of MBP
fusions DX1.1, DX10.5 and DXR42.2, from the AADKW-X,, library was stronger than
DX10.4, XD10.3 and XD10.4, in keeping with the results from the phage ELISA.

In summary, these results revealed that 2F5 displays multispecificity for
sequences flanking the DKW core, and suggest that binding can be achieved by a
diversity of sequences, which likely establish different contacts with 2F5. Phage clones
bearing peptides with the DKW sequences were selected from the libraries, regardless of
the nature of their DKW flanking regions; but tight-binding clones typically required a
hydrophobic residue at positions (-3) and/or (+3), and were more effectively selected on

the basis of their C-terminal DKW-flanking region.

MAD 2FS5 displays similar binding affinity for DX-MBP fusions with different DKW
C-terminal sequences.

With the objective of learning whether the observed 2F5 multispecificity would
significantly influence the affinity of MAb-peptide interaction, we determined the

intrinsic binding affinity of the tight-binding clones by surface plasrhon resonance. We
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Figure 2. Titration ELISA on MBP fusions produced from XD and DX clones. 2F5 IgG
was adsorbed to microwells and used to capture MBP fusion proteins from solution at the
concentrations indicated. Bound proteins were detected with a biotinylated anti-MBP
monoclonal antibody and Neutravidin-HRP and ABTS. MBP-2* is a purified maltose-
binding protein preparation purchased from New England Biolabs (NEB). Values are
expressed as optical density at 405-490.
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also wanted to compare the affinity of the MBP fusions with those of gp160 and gp41, as
well as synthetic peptides carrying the full ELDKWA sequence. The initial experimental
design involved the immobilization of MAb 2F5 to the chip and flowing the analyte
proteins samples over them. In this way, real-time kinetic data are reliably collected.
Several conditions were tested for immobilizing 2F5 and regenerating the surface after
each use, but they all were unsatisfactory. The opposite arrangement (i.e., antigens
immobilized on the chip and injected antibody) was not explored, since it has been
described as generating unreliable data, due to the avidity effect inherent in bivalent
molecules and the re-binding events that take place during the dissociation phase (225,
353). Thus, even though this experimental design is widely used for the determination of
on and off rates, kinetic data generated with this procedure may be questionable. We
favored the alternative of determining the in-solution affinity at equilibrium as described
by Nieba et al. (225). In this method, the antibody is at a fixed concentration and is
reacted to equilibrium with increasing antigen concentrations. The concentration of free
antibody is then determined by injecting the reactions over an antigen-coated sensor chip,
and comparing the data against an antibody calibration curve.

In control experiments with MAb b12 and B2.1 peptide, we demonstrated that
direct kinetic analysis under conditions in which the peptide was immobilized to the chip
and the antibody was used as analyte, did not provide accurate Kds even if Fab was used
(not shown). Significant differences in Kd between the two methods were also observed
for the E4.6 synthetic peptide (see Table 4, Kinetics vs Equil/Sln data for E4.6 peptide-
2F5-IgG). The in-solution affinity of 2F5 IgG for the E4.6 synthetic rpeptide was

determined using analyte concentrations ranging from 5.4 uM to 27 nM, and the Kd from
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Table 4. Kds obtained for synthetic peptides and fusion proteins by surface plasmon
resonance. (a) For the Kinetic method, the first of the reactant in a pair is the one
immobilized on the chip. (b) Method refers to the procedure use for the determination,;
Kinetics involves the flowing of analyte over the immobilized ligand and determination
of association and dissociation rates; in this instance, the Kd at equilibrium is calculated
from the rate values. Equil/Sln is based on the determination of free antibody at
equilibrium, with one fixed antibody concentration and several concentrations of
peptide/protein analyte. In this case kinetic data are not obtained. na indicates not
applicable.

Reactants® Method? Sequence Kd

gp160-2F5 IgG Kinetics 1.8 pM
gp160-2F5 IgG Equil/SIn n.a. 720 nM
gp41-2F5 IgG Equil/Sin  n.a. 23 nM
ME2F5 peptide-2F5 IgG  Equil/SIn GGELDKWAGGGK (bio) 7.1 uM
E4.6 peptide-2F5 IgG Kinetics = LHEESMDKWSNLMQCCTAAEGK(bio) 0.7 nM
E4.6 peptide—2F5 IgG Equil/SIn LHEESMDKWSNLMQCCTAAEGK(bio) 950 nM
E4.6MBP—2F5 IgG Equil/SIn LHEESMDKWSNLMQCCTAAEE-MBP 380 nM
DXR4.22MBP-2F5 IgG Equil/SIn  AADKWSFWPWGDDSPLLT-MBP 1.8 uM
DXR4.22EL MBP-2F5 Equil/SIn  ELDKWSFWPWGDDSPLLT-MBP 92 nM
DX10.5MBP-2F5 IgG Equil/SIin  AADKWSDWPNIAQYTTTL-MBP 2.3 uM
DX10.5EL MBP-2F5 IgG Equil/SIn  ELDKWSDWPNIAQYTTTL-MBP 73 nM
DX1.1MBP-2F5 IgG Equil/SIn  AADKWSHLSLTEFSPSHQ-MBP 1.7 uM
DX1.1EL MBP-2F5 IgG Equil/SIn  ELDKWSHLSLTEFSPSHQ-MBP 60 nM
DX10.4MBP-2F5 IgG Equil/SIn  AADKWSDWSSNGSILGTR-MBP 23 uM
DX10.4EL MBP-2F5 IgG Equil/SIn  ELDKWSDWSSNGSILGTR-MBP 190 nM
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three independent experiments was 840-950 nM. The Kd for the control peptide, ME2FS,
was about one order of magnitude higher than that of E4.6, indicating a stronger 2F5-
peptide interaction for E4.6 than for ME2FS. The coding sequence for clone E4.6 was
also transferred to the pMALX vector and expressed as an N-terminal fusion to MBP.
The purified product was used to determine the Kd at equilibrium, and this Kd was
compared to that of the free peptide. As shown in Table 4, the Kd of the E4.6-MBP
fusion was three-fold higher than that of the synthetic peptide; in agreement with our
previous, unpublished observations and those of Jouault ez al. (162), which have shown
that peptides fused to a scaffold protein often display a better affinity for their cognate
antibody than their free, synthetic peptide counterparts.

Also shown in Table 4 are the equilibrium Kds for the MBP fusion proteins
corresponding to the tight-binding clones DX1.1, DX10.5 and DXR4.22, along with the
Kd of the MBP fusion from the weak-binding clone DX10.4. The Kds for IgG 2F5 and
clones DX1.1, DX10.5 and DXR4.22 fusions are very similar, and fall within the range
of 1.7 to 2.3 uM, whereas the Kd for the DX10.4-MBP fusion was 23 uM, indicating a
weaker interaction with MAb 2F5. These results demonstrate that sequences flanking the
C-terminus of DKW can greatly influence the affinity of 2F5 binding to peptide and
protein antigens. The data also show that high-affinity binding to 2F5 can be supported
by diverse DKW-flanking sequences that are different from the sequence at the
corresponding location in HIV-1 gp41, thus suggesting that the 2F5 paratope is
multispecific for sequences outside the region binding the DKW core.

To further optimize their antigenicity, the sequences of the three tight-binding DX

clones were engineered to expand the native core epitope sequence to ELDKW, by
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substituting the two N-terminal Ala residues preceding the DKW in the DX clones to Glu
and Leu. The coding regions for these sequences were transferred to pMALX, and the
Kds for their interaction with 2F5 were determined. The data in Table 4 show that the re-
introduction of Glu and Leu resulted in 20-30-fold increases in affinity for the tight-
binding clones (DX1.1-EL, DX10.5-EL and R4.22-EL), and a 100-fold increase for the
weak binder, DX10.4-EL. Thus, optimization decreased, but did not eliminate, the
difference in affinity between clone DX10.4-EL and the three other clones. We obtained
again very similar affinities for clones DX1.1-EL, DX10.5-EL and R4.22-EL, which
were also stronger than the equilibrium Kd for gp160,;, and in the same range as gp4 1,y
(see below).

The affinity at equilibriqm of MAD 2F5 for HIV-1 gp 160y was also determined.
Surprisingly, we obtained a much lower affinity value (720 nM) than the ones previously
reported by Conley et al. (64) for gp41 and a synthetic peptide (4.2 nM and 0.7 nM,
respectively). We tried to replicate the results of Conley et al. (64), using their
experimental conditions, and obtained low picomolar Kd values, based on a total lack of
dissociation of 2F5 IgG from gp160, over a dissociation time of 15 minutes. We believe
that the basis for this discrepancy is that Conley et al. (64) used a kinetic assay with gp41
as ligand on the chip and MAb 2F5 (presumably IgG) as analyte. Thus the kinetic Kd
may be an artifact produced by the mechanisms mentioned aboved. Moreover, we used
gp160 instead of gp41, thus basic differences between 2F5 binding to gp160, gp41 and
synthetic peptides, may be at play. Also, variations in the protein samples (e.g.,
oligomerization state) may lead to differences in epitope accessibility, as shown by

Zeder-Lutz et al. (349). Experiments are currently underway to clarify these observations.

130



Amino acid residues critical for binding to MAb 2F5 are found in regions flanking
the DKW core.

To investigate the contribution of particular residues to 2F5 binding, we generated
a set of Ala-substitutions and deletion mutations in clones DX1.1, DX 10.5 and
DXR4.22. Mutant phage clones were analyzed for their ability to bind 2F5 Fab (Figure 3
and Table 5) and to 2F5 IgG (Table 6) in a direct ELISA format. Similar results were
obtained in both assays; however, due to the possibility of bivalent binding of IgG to
multicopy peptide on the phage, moderate differences in binding are typically masked in
the IgG-based assay. Moreover, IgG binding will be more sensitive to peptide copy
number than Fab, because peptide spacing will affect the binding avidity. The data in
Figure 3 and Tables 5 and 6 show that mutation of any residue in the DKW core
significantly decreased binding of all of the DX clones to 2F5; this agrees with previous
results obtained with a peptide with the sequence ELDKWA (163, 261, 311). In addition,
Tables 5 and 6 show that Ala substitution of D and W in the DKW core of clone E4.6
ablated binding completely. Also crucial to binding in every case was the hydrophobic
residue at the (+3) position (Figure 3 and Tables 5 and 6). The (+3) residue in the native
gp41 (L) is highly conserved, (present on 98% of the sequences in the Los Alamos HIV
Database). Ala substitution at this site did not affect binding in previous work by Joyce et
al. (163), hoWever, Tian et al. (311) showed by two independent means that Leu at this
site affected binding significantly. Thus, our results, showing an absolute requirement for
DKW and a hydrophobic residue at the (+3) position, agree with previous studies
involving gp41-derived sequences. We conclude from this that all four peptides (E4.6,

DX1.1, DX 10.5 and DXR4.22) are similar to the gp41 sequence in being “‘seated” in the
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Figure 3. Residues flanking the DKW core epitope are involved in the binding of 2F5 Fab
to DX1.1, DX10.5 and DXR4.22 phage. ELISA data were converted to % binding
relative to phage bearing non-mutated sequences. The sequences C-terminal to the DKW
core are: DX1.1: SHLSLTEFSPSHQ; DX10.5: SDWPNIAQYTTTL; DXR4.22:
SFWPWGDDSPLLT. The % binding to the Ala substitution of the fixed Ser at position
(+1) of clone DX10.5 was 469% and is indicated on the graph.
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DKW-binding region of 2F5. Highly variable sequences outside of the DKW core
contribute to affinity; consequently, binding to 2F5 by these regions appears to be
multispecific.

The effect of Ala substitution in regions outside the DKW core varied
significantly between clones. As summarized in Table 5, binding decreased by over 50%
from Ala substitution at positions (+2 and +7) of clone DX1.1, positions (+2, +4 and +9)
of clone 10.5, and positions (+4, +5, +9 and +11) of clone DXR4.22; there was no
selection for shared residues at these sites. Interestingly, the change of Ser (+1) (which
was a fixed residue in the library) to Ala, the residue present in native gp41, significantly
increased binding (200-400%}); this indicates a previously underestimated role of this Ala
in binding affinity. Ala substitutions in clone E4.6 that decreased Fab binding by 50% or
more were at positions (-5, -4, -3, -2, and —1) from the N-terminal side of the DKW core
and (+?;) from the C-terminal side, indicating that those residues are important for
binding. The IgG binding data in Table 6 largely supported these findings, though, as
noted above, differences in binding (increases and decreases) seen in the Fab assay were
muted in assays with IgG. In conclusion, a number of different residues outside the DKW
core were important for reactivity. With the exception of the (+3) position, the location
and type of these residues varied greatly among the clones. Thus, in each clone studied,
residues at different positions C-terminal to the DKW core, and in several cases, C-
terminal to the (+3) site, were important for binding to 2F5. Moreover, for residues
outside the DKW core and the (+3) position, that appear to play a role in binding, there
was little similarity between clones in the type of amino acids selectéd or their position

relative to DKW.
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We generated a set of deletion mutants for clones DX1.1, DX10.5 and DXR4.22
by serially removing three residues at a time from the C-terminal end, resulting in C(-3),
C(-6) and C(-9) mutants for each clone (three, six or nine residues deleted, respectively).
We also constructed a C(-12) clone having only the sequence AADKWS, fixed in the
libraries. Binding to 2F5 Fab was assayed as described above for the Ala substitutions,
and the data are shown in Tables 5 and 6. The results demonstrate that binding of 2F5 to
the DX phage is dramatically affected by deletion of the C-terminal residues, confirming
their role for binding in this context. The effect of deletion was strongest for clone
DX10.5. Deletion of the three C-terminal residues affected binding moderately (compare
Fab to IgG data), even though Ala substitution of each of the residues in this region did
not affect binding significantly. Deletion of six residues, which included Tyr (+9),
dropped binding to 4% of wild type for both Fab and IgG. Ala replacement had only a
moderate effect on Tyr (+9), as it decreased Fab binding significantly, but not IgG
binding. Deletion of nine residues, including Tyr (+9), did not. Thus, the deletion of
multiple residues, which singly had small effects on binding, appeared to produce larger
effects when deleted together. This may indicate the presence at this site of a larger
binding motif that depends on the combined effect of multiple residues, including Tyr
(+9).

This trend was also observed with clone DX1.1. Ala substitution of Glu (+7)
affected binding moderately, whereas substitution of any of the last six C-terminal
residues did not affect binding significantly. Deletion of three residues from the C-
terminus caused a moderate drop in binding (52% drop in Fab binding and a 19% drop in

IgG binding), even though Ala substitution of the residues in this region had little effect.

134



8¢T T¢1 9L 6 - = e 0 10T 6L T Pa-9°v3

135

pu TIT TITT 08 66 0 ZS 69 O pu 0 6€ ot ST ve vb 66 ejv-9'v3
1 o) o) o] W 1 N S M A a W S E| E| H 1 9't3

8+ L+ O+ G+ p+ €+ Z+ L+ L- (4 €- - G- O- uonisod

N 4 M N M 1 S v M A a 1 3 1 1 3 o Trd6zaxXH

97T v 6S 0 1240-S'0TXA

(6 v. €6 E€8T 8CZ I8 PET 79 1L O 0 GZ 69% S 97 0 eIY-S 0TXd
1 1 1 1 A 0 v I N d M a S M A a v Vv S'01Xd
8t 0z LE 0 19Q-T° XA

96 +vOT 91T 86 60T 86 €£ €8 SIT T10OT 0 ZT ¥4 0 0 0 e|y-1°1TXd
0 H S d S 4 E| 1 1 S 1 H S M A a v Vv T°IXa
18% 8T L 0 [2Q-22Z'uxa

¥2T 08 9 80T S € ¥9 78 11 ST € v¢ 78T 9 0 £ ejV-2Z PuXd
1 1 7 d S a a 3} M d M 4 S M A a v Vv ¢ uxa
gLt ZL+ LL+ Ob+ 6+ 8+ L+ 9+ G+  p+ £+ Z+ L+ uonisod

1 M N 1 I N 4 M N M 1 S A4 M A a 1 3 1rdbzaxH

"3UOP 10U $IJeIIPUI
pu K10 AQ paimnsqns sem G (1 X (] 2UO[d Ul (£+) B[V 'PIOq UI ST 90uanbas pp 3[(] 2109 9y ], "99u3I1dJal 10J papiaoid axe ¢8XH 4,d3 pue
S9UOJ9 3Y) Jo duanbas ay ], ‘qe. G 01 seuod a3eyd ¥ (I pue 9 JO SiueInW UOHIp pue paImIsqns-e]y Jo Surpuiq juaoid ' 9qe],



00T 98 (9 T - == e 0 S6 9/ 13Q-9'¥3
pu 00T 00T €6 S8 € 6 90T O pu 0 14 €Y 6 8¢ E£v 16 eIV-9'p3

1 o) 0] 0 W 1 N S M b, a W S E| 3 H 1 9'v3

8+ J+ 9+ .G+ v+ €+ T+ L+ L- Z- €- p- G- 9- uonisod

N 4 M N M 1 S V M Y a 1 3 1 1 a 0 TdbzaxH

18 b 4 0 190-5°0TXq

18 T8 0L 00T TZ €/ 66 +v8 65 9C 9 8T €1 ST €T 0 BIV-5°0TXA
1 1 1 1 A o} v I N d M a S M ! a v Vv S'0TXA
18 85 79 0 [2Q-1°1XA

68 €6 €6 €6 00T € 89 v6 66 00T T Sty €07 r4 0 0 eIY-1°TXA
0 H S d S 4 3 1 1 S 1 H S M ! a vV Vv 1°1TXa
G8 L9 S 0 [2Q-22 +uXa

80T 60T 6¢ €IT 0C LIT OIT 80T 8¢ 1¢L 0 96 STT 0 0 oT e|y-2Z #uxa
1 1 L d S a a 9 M d M 4 S M ! a VvV VvV (442 )(¢!
€+ 24+ LI+ O+ B+ 8+ L+ 9+ G+ b+ €+ c+ L+ uoRisod
1 M N 1 1 N 4 M N M 1 S v M i a 1 3 TydbZaxXH

“QUOP JOU $AEIIPUI

pu K10 Aq paimnsqns sem ¢'Qf X QU0 Ul (£+) B[V ‘P[0q Ul ST 2duanbas 3] 2109 9y, "90ua10§a1 10 papiaoid are L8XH{4,d3 pue
$OUO[o 913 JO dduanbas oy 1, *DIT G:Iz 01 seuopd aSeyd X (I pue 9'pH JO SIUBINW UOCHII[IP puB PAMNSQNS-B[y Jo SUIPULq JUIDIY] 9 J[qR,

136



The removal of all six terminal amino acids in this clone resulted in a larger drop in
binding, even though Ala substitution, again, did not affect any single residue in this
region.

In contrast to clones DX1.1 and DX10.5, the effect of Ala substitution was
strongest for clone DXR4.22, (especially for residues Trp (+5), Ser (+9) and Leu (+12)),
and deletion of regions covering these positions produced progressively larger drops in
binding (59%, 82% and 93% drops in Fab binding to clones carrying the (-3), (-6) and
(-9) deletions, respectively). This indicates that clone DXR4.22 contains residues in the
C-terminal region that most likely have stronger individual effects on binding than the C-
terminal residues in clones DX1.1 and DX10.5. Thus, binding to 2F5 appears to depend
on particular residues in the C-;erminal region of clone DXR4.22, whereas binding to
clones DX1.1 and DX10.5 appears to depend on more global effects produced by
multiple residues within this region. These global effects can not be provided by any
random C-terminal sequence, but are rather specific, since 2F5 did not bind to clones
chosen at random from the library, nor to the library as a whole.

The Ala substitution and deletion mutants of clone E4.6 revealed that sequences
N- and C-terminal to the DKW core were important for binding. Residues Glu (-4), Glu
(-3) and Leu (+3) were strongly affected by Ala substitution. However, binding to E4.6
was ablated only by deletion of both Glu (-4) and Glu (-3) on the N-terminal side, or a
deletion on the C-terminal side including Leu (+3). Thus, with this clone, but not clones
selected from the X,,-AADKW library, residues N-terminal to the DKW core were
important for binding. Perhaps this is due to the presence of Leu in the (+3) position in

the E4.6 clone, but not in clones in the X,;,-AADKW library.
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Taken together, our results show that the DKW core and a hydrophobic residue at
the (+3) position are absolutely required for binding by tight-binding clones from the
AADKW-X,, library. Moreover, C-terminal sequences beyond (+3) are also involved in
binding, but they fall into two general categories: (i) those in which particular residues
appear to play a significant role in binding (e.g., clone DXR4.22), and (ii) those in which
multiple residues produce a more global effect, but do not individually affect binding
significantly (e.g., clones DX1.1 and DX10.5). Besides this, residues N-terminal to the
DKW core also can play a significant role in binding (e.g., in clone E4.6), but this may

rely upon the presence of a hydrophobic residue in the (+3) position.

DISCUSSION

In this work, we have shown that MADb 2F5 binds to multiple peptides bearing the
DKW motif, and that sequences C-terminal to this motif are required for high-affinity
binding in the context of phage-displayed peptides. We document differences in binding
strength between phage expressing distinct peptides, and show that some degree of
restriction is imposed by the nature of the sequences flanking the DKW core, as well as
sequence length and constraints imposed by disulfide bridging (see Table 1). In
agreement with previous reports, phage selected by 2F5 contained the DKW motif (64,
219). However, we found that in the context of N-terminal fusion to phage major coat
protein or to the MBP of E. coli, the motif is necessary but not sufficient for high-affinity
binding to MAb 2F5. Surface plasmon resonance studies using MBP fusion showed that

tight binding in this context is recovered by extension of the C-terminal flanking region
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with sequences not necessarily homologous to gp41. Peptides with distinct sequence
composition displayed similar affinities, yet possessed different distributions of critical
binding residues, indicating that the requirements for binding to 2F5 can be resolved in a
variety of ways. This behavior illustrates a significant degree of functional plasticity of
the 2F5 antibody, and indicates that its paratope comprises at least two regions: one that
is highly selective for the core sequence DKW, and another that binds C-terminal to the
core and is multispecific.

The epitope for MAb 2F5 was originally defined as the sequence ELDKWA on
gp41 (64, 219). Using synthetic peptides, Purtscher et al. (261) found that the N-terminal
Glu and the C-terminal Ala residues could be changed to any amino acid without major
effect on 2F5 binding. In addition, the N-terminal Leu tolerated most substitutions,
although the reactivity was reduced in most cases. Replacements in the Asp, Lys and Trp
were much more restrictive, indicating that these three residues were absolutely required
for binding. However, work by Tian et al. (311) has reported that, to obtain maximal
antigenicity, the epitope must be extended to a nonapeptide sequence running from (and
including) Leug, to Leuge, of gp41 (LELDKWASL), whereas Barbato et al. (15)
described an even larger fragment of 13-15 residues (659-671/673). Furthermore, Parker
et al. (235) digested SOS gp140-2F5 complexes with protease, and found that the
sequence from Asngs to Asng;, of the gp140 NEQELLELDKWASLWN) was protected
by antibody binding. McGaughey et al. (203) observed that not only the extension of the
epitope, but also the inclusion of a lactam-bridge constraint, were necessary to achieve
maximal binding of 2F5 to synthetic peptides. In addition to these epitope-mapping

studies, several immunizations with variations of the six-mer sequence (ELDKWA)
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failed to produce a 2F5-like, neutralizing antibody response, even though high titers of
peptide-, gp160- or gp41-binding antibodies were routinely produced (63, 92, 102, 186).
Collectively, these results indicate that the complete 2F5 epitope is formed by more than
the six-mer sequence.

Using a protein-fusion system in which minimal binding to the antibody was
initially defined by the presence of the core DKW tri-peptide, we showed that 2F5
selected C-terminal sequences that significantly boost affinity. We found that tight-
binding to 2F5 was associated with well-defined sequence patterns; hydrophobic residues
were selected at position (-3) with respect to the DKW in clones from the X,,-rAADKW
library, and at position (+3) in clones from the AADKW-X, library, indicating that
hydrophobicity at those positions is required for high-affinity binding. The importance of
hydrophobic residues at positions (-3) and (+3) was highlighted by clones E4.6 (which
follow; the hydrophobic (+3) rule) and XD1.2 (which follows the hydrophobic (-3) and
(+3) rules). Fusions of the E4.6 and XD1.2 sequences to MBP displayed very similar
behavior in titration assays (data not shown); for example, they were tighter binders than
clone H2.5, which contains the full seven-mer ELDKWAS sequence found on gp41, but
does not follow the hydrophobic (=3) or (+3) rules. If the sequences of the XD and DX
clones are superimposed onto the sequence of HIV-1 gp41, the Leu (-3) in the XD
peptides aligns with Leu ¢, in gp41 and the (+3) position in the DX clones aligns with
Leu 4. Those two Leu residues are highly conserved in HIV-1 isolates, and are
considered part of the high-affinity, extended epitope reported by Parker et al. (235), Tian
et al. (311) and Barbato et al. (15). Ala substitution studies on cloneé E4.6, DX1.1,

DX10.5 and DXR4.22 confirmed the importance of the DKW motif as well as the (-3)
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and (+3) hydrophobic residues. Surprisingly, the introduction of an Ala at position (+1)
increased binding significantly in all clones, suggesting an important role of that residue,
which had not been previously appreciated by Purtscher ez al. (261) in the context of
synthetic peptides.

We found that several of the peptides, including a short loop of four residues, are
dependent on an intact disulfide bridge for binding to 2F5. Constraint of peptides
containing the DKWA region by disulfide or beta-lactam bridges converts the random-
coil structure of ELDKWASL peptides to beta-turn structures, and in general, improves
the affinity of binding (163, 203). Crystallographic data show that the bound structure of
the DKW sequence within the ELDKWA peptide forms a type I 8-turn (231), a common
feature found on antibody-bound peptides (308). Apparently, this particular structure is
required for binding, which may in turn explain the strict requirement for the DKW
motif.

We confirmed previous findings by others regarding the necessity of the core
DKW sequence for binding to 2F5, and the positive effect of an extended epitope, as well
as hydrophobic residues at positions (-3) and (+3) of the core. Nevertheless, the screening
of our X,,-AADKW and AADKW-X|, libraries also showed that high affinity binding is
achieved via the selection of sequences beyond the (+3) residue on the C-terminal side of
DKW. Antibody selection for residues (+4) to (+14), C-terminal to the DKW, was
evident by the Ala-substitution and the deletion-mutagenesis results from clones DX1.1,
DX10.5 and DXR4.22. Residues having a significant effect on binding (as assessed by
Fab and IgG binding, Tables 5 and 6) were identified in the C-terminal flanking region of

clone DXR4.22, demonstrating that tight-binding to 2F5 is supported by residues
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downstream to the DKW core. Ala substitutions on clones DX1.1 and DX10.5 had a
lesser effect on binding, and provided evidence of an unequal number of influential
residues within each clone, as well as differences in their positioning in the sequence.

In some instances the results of the deletion mutagenesis did not support those
from the single Ala substitutions. Deletion of residues from the C terminus of clone
DXR4.22 decreased binding in a manner that followed loss of residues that were sensitive
to Ala substitution. In contrast, similar deletions in clones DX1.1 and DX10.5 decreased
binding significantly, even though the deleted residues were not strongly affected by Ala
substitution. The meaning of this latter discrepancy is difficult to interpret but it indicates
the necessity of a larger sequence for 2F5 binding. The existence of a secondary binding
site in the C-terminal region of clones DX1.1 and DX10.5 may be inferred, but is not
proven by our data. The apparent lack of critical binding residues in clones DX1.1 and
DX10.5, and their sensitivity to deletion could also indicate that these residues are
required to present the correct core to the antibody, rather than participate in specific
side-chain contacts, as has been observed by Barbato et al. (15). In contrast, clone
DXR4.22 behaves differently. In this case, the presence of several critical binding
residues may reflect a stronger structural constraint of the peptide, or direct contact(s)
with the 2F5 paratope. The latter alternative, the establishment of side chain contacts,
would imply an essentially different mechanism of binding between DXR4.22 and
DX1.1/DX10.5. It is worth noting that in spite of the sequence diversity of the DX
clones, their MBP fusions displayed very similar affinity for 2F5 (Figure 2 and Table 4).
These results indicate that the requirements for high-affinity interaction with 2F5 can be

satisfied by DKW flanked by diverse C-terminal sequences.

142



There is no direct information on how the structural features of the cognate
epitope for 2F5 (i.e., in the context of the native viral envelope) influence the antigenicity
of potential 2F5 ligands. The notion of a larger epitope is supported by biochemical
evidence, and by the solved structure of the antibody in complex with the ELDKWA
peptide from Pai ez al. (231). This peptide only covers a fraction of the putative paratope,
leaving open the possibility that 2F5 makes additional contacts with other regions of the
complete epitope. Based on the structural and functional properties of the N-terminal (53,
54, 336) and the C-terminal (275, 291) regions flanking DKW, it can be assumed that in
the viral spike, the 662-667 region of gp41 must have a well-defined structure. Whatever
this structure is, it is likely to be important for both antigenicity (the binding of 2F5) and
immunogenicity (the elicitation of neutralizing antibody), and it is unlikely to be
replicated by peptide immunogens bearing the ELDKWA sequence alone.

Our results show that 2F5 is multispecific, in that it can bind with high affinity to
multiple non-homologous sequences. It is also functionally distinct from other human and
non-human antibodies capable of binding to ELDKWA peptides, since it neutralizes a
wide spectrum of primary HIV-1 isolates in vitro. In general, virus neutralization does
not correlate with the binding of antibody to recombinant envelope (135), nor even with
binding to infectious viral particles (253). A recent study by Poinard et al. (253) showed
that non-neutralizing antibodies F105 and b6 bind to infectious viral particles, but do not
affect the ability of a neutralizing antibody b12 to block infection, even though F105 and
b6 compete with b12 for binding to gp120 envelope protein in vitro. They suggest that
the envelope exists in two different forms on the viral surface: a functional form involved

in the infection process (and hence, a target for neutralization by antibody) and a non-
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functional one that does not participate in infection (and is irrelevant to virus
neutralization), and allows binding of both neutralizing and non-neutralizing antibodies.

Recent results indicate that the neutralization-sensitive binding site for 2F5 is
formed only after the fusion process is triggered (24, 121). It is reasonable to assume that
the ability of 2F5 to neutralize the virus lies in a unique determinant that allows it to bind
to its epitope on infectious viral spike, whereas other non-neutralizing ELDKWA-binders
do not. This elusive feature of 2F5 has not yet been biochemically or structurally
characterized; it probably resides in regions of the paratope not involved in binding to the
extended DKW core. The identification of such determinant(s) bears relevance to vaccine
design. The binding studies with our peptides and, our Ala substitution results
demonstrated that 2F5 is capabl¢ of binding to a variety of peptide sequences, suggesting
multiple mechanisms of binding by the C-terminal region of our peptides. Such plasticity
may be a unique characteristic distinguishing 2F5 from other ELDKWA-binders, and
could be involved in its unique functional properties. We are currently conducting studies
with sera from animals immunized with the ELDKWA region to assess whether the
binding to our DX peptides is an exclusive trait of 2F5. Peptides having highly restricted
specificity for 2F5 have potential as structural probes of unique regions of the 2F5
paratope.

MAD 2FS5 has a high level of somatic mutation (16 mutations on VH and 14 on
VL) (173) and a very long H3 of 22 residues, which very likely arose from sustained
antibody evolution in the presence of persistent antigen stimulation (327). The crystal
structure of 2F5 bound to ELDKWA peptide (231) shows that most of the amino acids on

the apex of the H3 are not contacted by peptide. However, recent functional studies, in
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which residues of the 2F5 H3 were mutated to Ala, showed that the amino acids in the
apex of H3 are important for the binding of 2F5 both to gp41 and to synthetic peptides, as
well as being critical to neutralization (355). Elucidation of the structure of R4.22 and
10.5 peptides bound to 2FS5, coupled with mutagenesis studies similar to those of Zwick
et al. (355), may reveal site(s) on the antibody involved in its unique neutralizing
properties.

Peptide immunogens tested so far have failed to produce a neutralizing response,
very likely due to their inability to present the appropriate, complete neutralizing epitope
(63,92, 102, 186). The ideal immunogen for eliciting antibodies having 2F5-like
neutralizing properties would comprise the neutralizing epitope on the infectious spike in
the absence of other immunodominant epitopes. Some approaches to engineering such an
immunogen might include designed peptides in the context of lipid (e.g., Schibli et al.
(291)), virus-like particles bearing such a structure, and/or larger fragments of gp41 in
which irrelevant, immunodominant sites have been obscured (e.g., by glycosylation;
Pantophlet ef al. (234)). Peptide-immunogens containing regions relevant to the
neutralization-sensitive site on 2F5 may serve to enhance the production of 2F5-like
antibodies in such a scenario, following a prime-boost immunization strategy. In keeping
with the strategy of Beenhouwer et al. (19), neutralization may be enhanced by a priming
immunization using an immunogen that contains the neutralizing epitope, followed by
boosting immunization with an immunogen that selectively cross-reacts with the targeted
antibody. However, as 2F5 contains a large number of somatic mutations, as well as an
unusually-long CDR-H3 loop, such an immunization approach may not elicit antibodies

having all of 2F5’s structural features. Nevertheless, peptides, such as those described in
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this work, may serve as probes in revealing the site(s) on the virus that are required for
neutralization, and perhaps, as immunogens that will enhance the production of

neutralizing antibodies.
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ABSTRACT

MAD 2G12 is a potent HIV-1-neutralizing antibody. It binds with high affinity to
a conserved epitope in the envelope of HIV-1, formed exclusively by carbohydrate. By
screening a set of phage-displayed peptide libraries with MAb 2G12, we have isolated
one peptide ligand that binds 2G12 specifically, with a 200 uM Kd.

The atomic structure of the peptide in complex with 2G12 Fab was determined at
2.7 A resolution. Comparison of the peptide-2G12 complex with a previously-solved
‘ Many,GIcNACc,-2G12 structure shows the peptide bound at a site adjacent to, but different
from, the primary carbohydrate-binding site of the antibody, with only two antibody
residues involved in interactions with both ligands. The peptide establishes 61 van der
Waal interactions and 2 hydrogen bonds with 9 residues in the antibody's hypervariable
loops. Alanine substitutions along the peptide sequence revealed that most peptide
residues contribute to binding.

The affinity of the synthetic peptide was improved ~7-fold by fusing it to a
monomeric protein. The peptide was optimized by the screening of a semi-defined
sublibrary and the affinity of the optimized peptide in the form of a protein fusion
improved a further 70-fold to 340-400 nM. We propose to use these peptides as templates
for structure-based design of glycopeptide immunogens meant to elicit 2G12-like

antibodies.
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INTRODUCTION

Human monoclonal antibody (MAb) 2G12 was isolated from an HIV-1-infected,
asymptomatic donor by Buchacher ez al. (42). It efficiently neutralizes a broad range of
HIV-1 primary isolates (26, 71, 315), and confers protection from SHIV challenge in
macaques when administered in combination with other antibodies (12, 196, 201, 239).
MAD 2G12 binds with high affinity to a unique, conserved epitope formed by a cluster of
N-linked, high-mannose glycan groups on the "silent" face of gp120, of the HIV-1
envelope (277, 290, 316).

The crystal structures of 2G12 Fab alone, and in complex with the
oligosaccharide Man,GIcNAc,, and with the disaccharide Mano1-2Man show that two
Fabs assemble into an interlocked, V, domain-swapped dimer, forming an extensive,
multivalent binding surface (46). A total of four Man,GIcN Ac, molecules were observed
bound to the domain-swapped dimer in the crystal structure, occupying the two
conventional antigen binding sites, as well as two novel sites created at the interface of
the two VH domains. Several lines of biochemical and biophysical evidence implicate the
domain-swapped dimer as the dominant form that recognizes gp120 (46).

Since the identification of its carbohydrate epitope, MAb 2G12 has received
significant attention as a template for HIV-1 vaccine development. Considerable effort
has been directed at the characterization of the saccharide-binding profile of 2G12 (4,
180, 333), and the generation of novel antigens in the form of synthetic oligomannoses
(180, 185) or short, synthetic glycopeptides (89, 115, 194). We have taken a different
approach in generating immunogens meant to elicit 2G12-like antibddies; it relies on the

isolation of peptide that crossreact with the native oligomannose epitope. Immunogenic
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mimicry of carbohydrates by peptides has been reported (19, 181, 189, 247, 250, 259,
260), indicating that it is indeed, a reasonable goal.

We present here the first detailed characterization of peptide ligands specific for
the HIV-1-neutralizing antibody 2G12. It is also the second example of a side-by-side
crystal structure of a carbohydrate-binding antibody, in complex with a peptide and
carbohydrate ligands. The peptide 2G12.1 bound 2G12 MAb with a Kd of ~ 200 uM, and
competed with gp120 and Mana1-2Man for binding to 2G12. The crystal structure of the
peptide in complex with 2G12 Fab indicated that there is only partial overlap between the
areas in the antigen-binding site occupied by these two antigens; there is no overlap with
bound Mana1-2Man. Thus peptide 2G12.1 is a functional but not a structural mimic of
2G12's oligomannose epitope on gp120.

Fusion of the 2G12.1 peptide coding sequence to the gene for the maltose-binding
protein of E. coli (MBP) improved the affinity of 2G12.1 by ~7-fold, to at least 28 uM.
The 2G12.1 sequence was used to produce a semi-defined phage-displayed peptide
library, which was screened for optimized peptide ligands. Optimized peptide 2G12.1-
D10 fused to MBP bound 2G12 with a Kd of 400 nM. Here we propose to use these

peptides to generate glycopeptide immunogens to elicit protective 2G12-like antibodies.

MATERIALS AND METHODS

Materials

Fifteen phage-displayed random peptide libraries were used in this study: X, Xs,

X,CX,, X,sCX, XCX s, LX,, LX,, LX,,, LX,, LX,, and LX,, are described in (30); Cys3,
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Cys4, Cys5 and Cys6 were kindly provided by George Smith (University of Missouri-
Columbia). Biotinylated, synthetic 2G12.1 peptide (2G12.1, sequence NH;-
ACPPSHVLDMRSGTCLAAEGK (biotin)-NH,) was from Multiple Peptide Synthesis
(San Diego, CA). Cyanovirin-N (CVN) and an anti-CVN polyclonal antibody were
generous gifts of J. McMahon, (NCI-Frederic, MD). gp120;,, was a gift from T. Fouts
(Baltimore, MD). Oligonucleotides were synthesized "in house" using an ABI 392
synthesizer (Foster City, CA), and by the NAPS Unit (University of British Columbia,
Vancouver) and purified by polyacrylamide gel electrophoresis. Protein concentrations
were determined with the Protein Assay Kit from Biorad (Hercules, CA). Goat anti-
human IgG (Fab-specific), alkaline-phosphatase-conjugated goat anti-human IgG (Fab-
specific), horseradish (HRP)-cqnjugated, goat anti-human IgG (Fab-specific), HRP-
conjugated protein A and HRP-conjugated Neutravidin were from Pierce (Rockford, IL).
Protein A-coated paramagnetic beads were from Dynal (Lake Success, NY). A MAb
against MBP was from New England Biolabs (Beverly, MA). Dialyzed bovine serum
albumin (BSA), Tween 20, mannose, hydrogen peroxide and 2,2'-Azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS) were from Sigma (St. Louis, MO).
Streptavidin was from Roche Diagnostics (QC, Canada), and Mannose a1-2 Mannose

was obtained from Dextra Laboratories Ltd (Reading, UK).

Bacterial strains and DNA constructs.
Phage were produced in E. coli K91 cells, grown on NZY media supplemented
with 20 pg/ml tetracycline and 1 mM isopropyl B-D-thiogalactopyrdnoside (IPTG)

(NZY/ Tet/IPTG), following Bonnycastle et al. (30). Electrocompetent, F E. coli
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MCI1061 cells were transformed with the products of site-directed mutagenesis reactions,
and were also used for the production of the phage-displayed peptide sublibrary. E. coli
strain CJ236 was used to produce phage used as a source of single-stranded viral DNA
for site-directed mutagenesis. E. coli ER2507 (a gift from New England Biolabs) was
used for the production of MBP fusion proteins.

The 2G12.1 peptide sublibrary was constructed in f88-4 phage (351) using single
stranded, covalently-closed circular DNA as template, using the procedure described in
(30). A degenerated oligonucleotide was synthesized using a two-column "divide-couple-
recombine method" described by Haaparanta et al. (127). In the resulting library, the
amino acids at each position in the peptide sequence were either the original from the
2G12.1 sequence, or a random residue coded by the DNA triplet NNK. Also, the original
2G12.1 DNA sequence was modified to optimize the codon usage for E. coli.

Site-directed mutagenesis for the alanine substitutions were made with closed,
circular single strand phage DNA as template, essentially as described in (174). The
procedure to transfer the peptide coding sequences to pMALX, and the conditions for
culture and protein purification have been described by Zwick et al. (353). DNA
sequencing from partially-purified phage clones was performed with the Thermo
Sequenase II Dye Terminator Cycle Kit (Amersham Biosciences, NJ) following the
manufacturer's instructions. DNA fragments from the sequencing reactions were

resolved using an ABI 373 apparatus and analyzed with EditView 1.0.1 software (ABI).
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Screening of the phage-displayed peptide libraries.

The fifteen phage-displayed peptide libraries were mixed in Tris-buffered saline
(TBS) containing 1% BSA and 0.5% Tween 20. A total of 10'* phage particles were used
in the first round of screening. Theoretically, about 60-80 copies of every clone from
each library were represented in this mixture. To minimize the selection of protein-A-
binding phage, 12 pl of protein-A beads were added to the library mixture, and incubated
for 4 hours at 4°C, with gentle shaking. The beads were removed from the phage with a
magnet (Dynal) and discarded. IgG 2G12 was added to the remaining phage to a final
concentration of 200 nM, and the mixture was incubated at 4°C overnight. Phage-
antibody complexes were captured out of solution with 12 pl of protein-A beads for 1
hour at 4°C. The beads were separated from the unbound phage with the magnet and
subjected to five washes with 1 ml of TBS containing 0.5% Tween 20. The recovered
beads were used to directly infect 75 pl of starved K91 cells (1), and the infected cells
were grown for 20 hours at 37 °C in 3 ml NZY/ Tet/IPTG. Amplified phage were
partially purified and concentrated by precipitation with PEG/NaCl (1), then re-
suspended in TBS containing 0.02% (w/v) sodium azide, and stored at 4°C. A second
round of selection was carried out essentially as the first round, but used 10" phage
particles from first round, and 2G12 IgG at a concentration of 1 nM. Eluted phage pools
were used to infect starved K91, and individual clones were isolated by plating the
infected cells on NZY plates supplemented with 40 ug/ml tetracycline and incubation
overnight at 37 °C. Independent phage clones were transfer to liquid NZY/ Tet/IPTG

media, and grown and purified as described above. Phage concentrations were estimated
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by agarose gel electrophoresis as described in (30). PEG-purified phage clones were
used for ELISAs and DNA sequencing.

The 2G12.1 sublibrary was subjected to three successive rounds of screening with
increasing stringency (200 and 100 nM of 2G12 IgG for rounds one and two,
respectively, and 100 nM 2G12 Fab for round three. Phage-IgG complexes were captured
out of solution with protein-A beads as described above, whereas Fab-bound phage were
captured by protein-A beads coated with goat anti-human IgG (Fab-specific). The

isolation of clones was performed as described above.

Enzyme-linked immunosorbent assay (ELISAs).

Phage ELISAs were performed essentially as described in (206, 352). Briefly,
2x10'"° PEG-purified phage particles were adsorbed to microtiter wells at 4°C overnight,
follow_ed by blocking with 200 ul TBS containing 2% (w/v) BSA for one hour at 37 °C.
The plates were washed three times with TBS containing 0.1% (v/v) Tween 20, and
incubated with 50 nM 2G12 for 3 hours at 4°C. The plates were washed six times with
cold (4°C) TBS containing 0.1% (v/v) Tween 20, and 35 ul of a 1:500 dilution of protein-
A or goat anti-human (Fab specific) antibody conjugated to HRP were added for 2 hours
at 4°C. The plates were washed six times with cold buffer, and the reactions were
developed at room temperature with 0.03% (v/v) H,0, and 400 ug/ml ABTS in
citrate/phosphate buffer (1). Optical density was measured using a Biotek EL 312¢ plate
reader at 405 and 490 nm for up to 45 minutes. Values of absorbance at 405 nm minus
absorbance at 490 nm were recorded. Replicate, phage-coated wells were reacted with a

rabbit, polyclonal anti-phage antibody to verify that similar amounts of phage particles
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were adsorbed to the plate. Bound anti-phage antibody was detected with a protein-A-
HRP conjugate (Pierce) and H,0,/ABTS. Also, replicate, phage-coated wells were
reacted with the conjugates to control for non-specific binding to the secondary reagent.
For phage competition ELISAs, 50 nM 2G12 was incubated overnight at 4°C with 300
nM of soluble Ba-L gp120, and then reacted with the phage as described above.
Capture ELISAs with MBP fusions were performed essentially as described by
Menendez et al. (206). Capture ELISAs with biotinylated, synthetic peptide (2G12.1)
were done in an analogous fashion, except that the bound peptide was detected with
Neutravidin-HRP (Pierce) and H,O,/ABTS. For peptide titration ELISA, 200 ng of
2G12.1 peptide were captured in microwells coated with 1 pg streptavidin, followed by
BSA blocking and incubation with 2G12 Fab or IgG as described above. Bound
antibodies were detected with a goat anti-human (Fab specific) antibody conjugated to
alkaline phosphatase and a substrate solution containing Smg/ml of p-nitrophenyl
phosphate (pNPP) in the manufacturer's recommended buffer. Optical density (OD) was
read at 405 nm. For peptide competition ELISAs, 200 ng of the 2G12.1 peptide were
captured in each streptavidin-coated microtiter well, and reacted with 2G12 IgG pre-
incubated for 16 hours at 4°C with glucose, fructose, mannose, Mana1-2Man and 2G12.1
peptide. Bound antibody was detected with the alkaline phosphatase conjugate.
Competitions with gp120 were performed in a similar fashion, except that 100 ng of

gpl120 (Ba-L isolate) were adsorbed directly to each microwell overnight at 4°C.
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Determination of the crystal structure of Fab 2G12-peptide complex.

Human MADb 2G12 (IgG1, ) and its Fab fragment were produced as described
(46). Fab 2G12 was mixed with peptide 2G12.1 at a 5:1 (ligand:Fab) molar ratio. Fab
2G12 + peptide 2G12.1 crystals were grown by the sitting drop vapor diffusion method
with a well solution (1 ml) of 1.33 M Na/K phosphate pH 7.8 and 0.2 M isopropanol. For
crystallization, 0.6 ul of protein was mixed with an equal volume of reservoir solution.
Data were collected at the Advanced Light Source (ALS) beamline 5-1 at 100K. Crystals
were cryoprotected by a quick plunge into a reservoir solution containing 25% glycerol.
Data for the Fab-peptide complex were reduced in the monoclinic space group P2, with
unit cell dimensions @ = 66.0 A, b=171.1A,¢c=119.5 A, and § = 105.6°. All data were
indexed, integrated, and scaled with HKI.2000 using all observations >3.0 o.

The Matthews coefficient (Vm) for the Fab-peptide complex was estimated to be
3.24 A%/dalton (corresponding to a solvent content of 62% in the crystal), with four Fab
molecules per asymmetric unit. Rotation and translation solutions, using a previously
determined 1.75 A structure of Fab 2G12 as a molecular replacement model, were found
using AMoRe. Positional refinement of the four individual Fab molecules in the
asymmetric unit gave an overall correlation coefficient of 60.6% and an R-value of
43.4%. The Fab 2G12 + peptide 2G12.1 model building was then performed using
TOM/FRODO, and refined with CNS version 1.1 and REFMAC using TLS refinement.
Refinement and model building were carried out using all measured data (with F > 0.0
o). Tight noncrystallographic symmetry restraints were applied early on in the model

building and released gradually. Electron density maps for model building included 2
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F,— F. and F,, - F.,. maps. AnR,,, test set, consisting of 5% of the reflections, was

maintained throughout the refinement.

Affinity determinations.

The affinity of 2G12 for various antigens was studied at the University of British
Columbia Centre for Biological Calorimetry, using a Biacore 3000 apparatus (Biacore
AB, Uppsala Sweden). The binding-inhibition procedure for in-solution affinity
determinations described in (165, 225) was followed for the 2G12.1 synthetic peptide,
due to suspected low affinity of interaction, combined with the low molecular weight of
the peptide. Peptide 2G12.1 was immobilized at high-density on SA (streptavidin-coated)
sensor chips (Biacore) by two sequential injections of 1 ug of peptide. Saturation of the
chip was observed after the first injection with a total of ~800 resonance units (RU)
captured. The 2F5-binding peptide E4.6 (206), with the amino acid sequence NH;-
LHEESMDKWSNLMQCCTAAEGK(biotin)-NH,, was immobilized in the reference
cell, as a non-specific binding control. Separate reactions of 2G12 IgG mixed with
2G12.1 peptide in buffer HBS-EP (Biacore) were allowed to reach equilibrium by
incubation at 4 °C for 20 hours. The final 2G12 IgG concentration was 40 nM, which
consistently produced approximately ~100 RU upon injection over the 2G12.1-coated
surface. Concentrations of competitor, ranging from 1 mM to 3 uM peptide, were
explored in every experiment. After reaching equilibrium, the reactions were injected in
duplicate for 100 seconds over the 2G12.1-coated chip at a flow rate of 3 ul/min at 25 °C.
Under these conditions, antibody binding is limited by mass transfer; thus the reaction is

driven by the free antibody concentration, and is independent of the affinity for the
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immobilized ligand (266, 348). Bound antibody was recorded as RU early in the
association phase. After each injection, the chip was regenerated with a one-minute pulse
of 50 mM NaOH. The concentration of free antibody for each reaction was estimated by
comparison of the experimental data with an antibody calibration curve generated with
2G12 IgG concentrations of 2.5 to 80 nM, in the absence of antigen. Free antibody
concentrations in the reactions were plotted against their respective competitor
concentration, and the curves were fitted to the "in-solution" affinity model provided in
the BiaEvaluation 4.1 software (Biacore).

For the 2G12.1 and 2G12.1-D10 MBP fusion proteins, affinity was determined
using a kinetic assay. In this case, the kinetic method was favored since some of the the
potential complications expected with the 2G12.1 peptide should not apply for the MBP
fusions (MW= 52.8 kDa). MAb 2G12 was immobilized on a CMS5 sensor chip using the
amine-coupling kit supplied by Biacore, and following the manufacturer's instructions.
Serial two-fold dilutions of the MBP fusions, from 2 mM to 31 nM, were flowed over the
chip for 2 minutes at a flow rate of 50 ul/min at 25 °C. RUs were recorded during the
association phase and for the first 20 minutes of the dissociation phase. After each cycle,
the surface was regenerated with a 50-pl injection of 3M MgCl,. Data were analyzed

using the BiaEvaluation 4.1 software.
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RESULTS

Isolation of phage bearing 2G12-binding peptides.

Two consecutive rounds of screening of the primary phage-displayed peptide
libraries with 2G12 IgG yielded pools enriched in 2G12-binding phage. Isolation and
sequencing of 30 independent clones revealed three distinctive groups of peptide
sequences (Table 1): a first group with the consensus sequence QSYP, a second group
with the consensus QPCF, and a third group comprising several unrelated sequences.
ELISAs with 50 nM 2G12 IgG and control ELISAs without the MAb showed that several
clones were reactive with 2G12, but not with the protein-A-HRP conjugate, indicating
that the clones are specific for 2G12 MAb, and were not protein A-binders. Clone 2G12.1
had the strongest 2G12 reactivity in the direct ELISA.

To further verify the specificity of the clones, a competition ELISA was
performed in which 30 nM 2G12 IgG was incubated with 300 nM HIV-1 gp120
overnight at 4°C, then reacted with selected phage clones. As shown in Table 2, binding
2G12 IgG to gp120 blocked MAD reactivity with clone 2G12.1. This indicates that clone
2G12.1 and gp120 bind to identical, adjacent or overlapping sites on the antibody. In
contrast to this, other phage tested showed poor (clones 2, 6 and 15) or no competition
(clone 14) with gp120, indicating that their binding to 2G12 occurs at sites other than the
antigen-binding site of the antibody. Furthermore, we have previously observed the
motif QSYP, in phage from screenings with other antibodies (207), and Jacobs ez al.
(148) have shown that this motif is specifically selected by bovine ahtibody contaminants

present in many MAD preparations. Thus only clone 2G12.1 was further characterized.
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Table 1. Deduced amino acid sequence of peptides displayed by phage clones isolated in
the screening of the primary phage-displayed peptide libraries with 2G12 IgG.

Clone Deduced amino acid sequence® 2G12 ELISA®  Protein A ELISA"
2G12.7 VCNHQSYPCI (GGPAEGD) 0.28 0.04
2G12.9 GQSYPDPLHPDRIAR (AAEGD) 0.29 0.04
2G12.19 SQSYPDPILRLPAVA (AAEGD) 0.36 0.05
2G12.15 RCPTVQTQSYPNPMCL ( AAEGD) 0.36 0.04
2G12.20 TCSNQSYPCR (GGPAEGD) 10.32 0.04
2G12.14 YQSYPI (AAEGD) 0.41 0.10
2G12.17 NAFMSYPNREIQRSA(AAEGD) 0.25 0.04
2G12.2 QEAMYESYPPPSTYF (AAEGD) 0.43 0.05
2G12.18 QCLEQSHPCR (GGPAEGD) 0.16 0.03
2G12.10 KCTRQSSPCP (GGPAEGD) 0.22 0.03
2G12.6 TCLKDYQPCF ( GGPAEGD) 0.50 0.04
2G12.12 HCTSNGQPCF (GGPAEGD) 0.31 0.02
2G12.8 SCISDGQPCF (GGPAEGD) 0.18 0.03
2G1l2.1 ACPPSHVLDMRSGTCL (AAEGD) 0.85 0.03
2G12.3 SCPHIPSVCI(GGPAEGD) 0.35 0.03
2Gl2.5 RFRTGD (AAEGD) 0.28 0.03
2Gl2.11 NCKWNGLLCR (AAEGD) 0.27 0.03
2G12.4 TCDRTSSPCL ( GGPAEGD) 0.24 0.03

£88-4 - 0.15 0.02
gpl20 - 1.10 0.02

(a): Consensus sequences are in bold, and the first amino acids from the phage major coat protein are
shown in parentheses. (b): reactivity with 50 nM 2G12 IgG, detected with protein A-HRP conjugate and
ABTS, values are OD ,y5_490. (¢): reactivity with protein A-HRP conjugate as negative control, values are
OD 405-490-
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Table 2. HIV-1 gp120 competes with phage clone 2G12-1 for binding to 2G12 IgG.

Clone" Sequence 2G12 [gG™® 2G12 IgG-gp120™
2G12.1 ACPPSHVLDMRSGTCL (AAEGD) 0.41 0.03
2G12.15 RCPTVQTQSYPNPMCL (AAEGD) 0.19 0.11
2G12.14 YQSYPI (AAEGD) 0.13 0.13
2G12.2 QEAMYESYPPPSTYF (AAEGD) 0.15 0.09
2G12.6  TCLKDYQPCF (GGPAEGD) 0.08 0.04

£88-4 - 0.07 0.03

gpl20 - 1.34 0.16

(a): Adsorbed to the microtiter wells. (b): reactivity with 30 nM 2G12 IgG, values are OD 54,
(c): reactivity with 30 nM 2G12 IgG preincubated with 300 nm gp120, values are OD 4549
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Figure 1. Binding of 2G12 MAD to the bio-2G12.1 peptide. (A) Titration ELISA of bio-
2G12-1 peptide captured with streptavidin, and reacted with 2G12 IgG and Fab at the
concentrations indicated. Bound antibodies were detected with a goat anti-human
antibody conjugated to alkaline phosphatase and pNPP. Values are expressed as optical
density at 405 nm. (B) Titration of bio-2G12.1 peptide by capture from solution with
plate-adsorbed MAb 2G12. Bound peptide was detected with Neutravidin-HRP and
ABTS. Values are expressed as optical density at 405-490 nm.
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Synthetic, biotinylated 2G12.1 peptide reacts with MAb 2G12.

A synthetic, biotinylated peptide (2G12.1), with the amino acid sequence NH;-
ACPPSHVLDMRSGTCLAAEGK(bio)-NH,, was made and tested for binding to 2G12
IgG and Fab. As shown in Figure 1, both the 2G12 IgG and Fab reacted with
streptavidin-captured peptide (Figure 1A); furthermore, plate-adsorbed 2G12 IgG
captured 2G12.1 peptide out of solution, with a half-maximal concentration of 10 uM
(Figure 1B). These results indicate that the antigenic structure of the peptide is
maintained in solution, and out of the context of the phage coat. It is noteworthy that the
titration curves for IgG and Fab are very similar, most likely as a consequence of the
predominantly dimeric nature of our 2G12 Fab preparation (46).

Cyanovirin-N (CVN), an 11-KDa protein isolated from the bacterium Nostoc
ellipsosporum, binds to high-mannose-type oligosaccharides in the HIV-1 envelope (29,
289). It has been reported that CVN blocks binding of 2G12 to gp120, but in contrast,
2G12 doesn't prevent binding of CVN to gp120, indicating shared oligosaccharide
epitopes on gp120, as well as the presence on gp120 of multiple CVN binding-sites (96,
289). In addition to this, CVN and 2G12 have shown partial overlap of their
carbohydrate-binding profiles when tested against oligosaccharides captured in
microarrays (4, 28). Thus, we decided to investigate if these similarities extend to the
2G12.1 peptide. Reactivity of CVN with the 2G12-1 synthetic peptide was assayed
against 2G12.1 synthetic peptide and several MBP fusions bearing optimized derivatives
of 2G12.1 (see below) in ELISA. We also tested CVN-2G12.1 reactivity in Biacore, by
injection of up to 5 uM CVN over a 2G12.1-coated chip. No binding of CVN was

detected with either technique (data not shown). Thus, in spite of the overlap between
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CVN and 2G12 in carbohydrate specificity, 2G12.1 peptide failed to react with CVN,
indicating that it is specific for MAb 2G12. This specificity of 2G12.1 peptide is further
suggested by fact that sera from more than 30 infected donors, though highly-reactive
with gp120, do not bind phage bearing the 2G12.1 peptide or derivatives of it (C. Wang,
X, Wang, JK Scott, unpublished).

MADb 2G12 binds terminal Mana1-2Man groups present in a cluster of high-
mannose carbohydrates in the silent face of HIV-1 gp120 (277, 289). 2G12 also reacts
with less complex sugars like mannose and Mana1-2Man, albeit with lower affinity (46,
289). We decided to investigate whether 2G12 binding to the 2G12.1 peptide could be
blocked by carbohydrates, as an indication of the degree to which 2G12.1 occupies the
carbohydrate-binding sites of MAb 2G12. The peptide was captured in streptavidin-
coated microtiter wells and reacted with 100 nM 2G12 IgG pre-incubated with glucose,
fructose, mannose or 2G12.1. The results in Figure 2 (open symbols) show that pre-
incubation of 2G12 with mannose, fructose or 2G12.1 peptide, blocks the IgG's ability to
react with 2G12.1 peptide, whereas the negative control, glucose, had no effect on
antibody binding. Furthermore, a concentration of 64 uM Mana 1-2Man, reduced 2G12
binding to the peptide by 75%, whereas 300 nM gp120 completely ablated binding (data
not shown). An analogous experiment, using plate-adsorbed gp120 and 1 nM 2G12 IgG
(Figure 2, closed symbols) shows the same inhibition pattern for glucose, mannose and
fructose. Mana1-2Man at 64 uM concentration caused only a 50% reduction in binding
to gp120. However, pre-incubation of 2G12 IgG with 1 M 2G12.1 peptide caused only a
modest reduction (30%) in gp120 binding. Nevertheless, from these experiments it can be

concluded that binding of mannose, fructose and Mana1-2Man to MAb 2G12 prevents
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Figure 2. Inhibition of 2G12 binding to bio-2G12.1 peptide (open symbols) and to gp120
(solid symbols) in the presence of monosaccharides and bio-2G12.1 peptide. Binding of
2G12 was assayed after pre-incubation of 1 nM or 100 nM IgG (for gp120 and peptide
binding assay, respectively) with serial dilutions of mannose (circles), fructose
(triangles), bio-2G12.1 peptide (diamonds) and glucose (squares). Values are expressed
as optical density at 405 nm.
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its interaction with 2G12.1 peptide, as well as to gp120, thus suggesting that
carbohydrates and the peptide bind in the same or overlapping site on 2G12.

The affinity of 2G12 IgG for the 2G12.1 peptide was determined by surface
plasmon resonance (SPR) using an "in-solution" inhibition method. The results from
Figure 1A suggested a low affinity of interaction, also, preliminary experiments using a
KinExA instrument revealed a Xd at equilibrium of 180 uM (data not shown). SPR
experiments showed that the affinity of 2G12 for the 2G12.1 synthetic peptide was 200
uM (Table 3), very similar to that found by KinExA and in contrast with the half-

maximal binding of 10 uM observed in titration ELISA (1B).

Crystal structure of the 2G12.1 peptide in complex with the 2G12 Fab.

The crystal structure of Fab 2G12 bound to the 2G12.1 peptide was determined at
2.75A resolution (Table 4). The crystal showed strong anisotropic diffraction, which is
reflected in the overall anisotropic B values. As previously observed, Fab 2G12 is in an
unusual conformation in which two parallel Fab molecules exchange their variable heavy
domains, creating a tightly-packed dimer of Fabs. This domain-swapped architecture has
been shown to be the functional, and therefore biologically relevant, conformation of the
2G12 antibody (46).

As shown in Figure 3, the cyclic 2G12.1 peptide is clearly observed bound to both
Fabs of the domain-swapped dimer. The 2G12.1 peptide does not bind within the primary
carbohydrate-binding site of 2G12, but rather adjacent to it. Eighteen of the peptide
residues could be reliably built into the electron density, using the fﬁst alanine (Alal)

residue and long C-terminal strand (starting at Leu16) to set the register of the cyclic
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Table 4. Summary of crystallographic data and refinement statistics.

Data Collection

Wavelength (A)
Resolution (A)

No. of molecules in asymmetric unit
No. of observations

No. of unique reflections
Completeness (%)

Roym (%)
Average /o

Refinement statistics (all reflections > 0.00F)

Resolution (A)

Total no. of reflections used

No. in {est set

No. of Fab atoms
No. of ligand atoms

Ramanchandran plot (%)

Most favored

Additionally allowed
Generously allowed

Disallowed

Rms deviations

Bond lengths (&)

Angles (°)

1.0
50-2.70

4

222449
71495

98.3 (95.5)
11.8 (58.4)

14.2 (2.0)

50-2.70
65232
3488
13,120
500

78.0
19.6
1.5
0.9

0.030
2.780



Figure 3. Overall structure of the Fab 2G12 dimer bound to bio-2G12.1 peptide. Each
Fab molecule has one 2G12.1 moiety bound near the primary carbohydrate-binding site.
Both light chains are shown in cyan, the heavy chains from the separate Fabs are shown
in red and purple.
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peptide (Figure 4). The cyclic conformation of the 2G12.1 peptide is stabilized by a
disulfide bridge between residues Cys2 and Cys15, as well as two turns and several
hydrogen bonds. These hydrogen bonds are mostly in the two major turns (Pro30:His6N,

Pro40:His6NDI, Val7N:Leul60, Asp90D2:Ser120G, Arg110:Ser120G,

Ser120:Ser120G, Ser120:Thr14N and Thr140G1:Cys150). The most significant of
these interactions involve residues His6 and Ser12, which form residue-to-backbone
hydrogen bonds across the turns, with Pro3 and Asp9, respectively, and are underlined
above.

Overall, two segments of the cyclic 2G12.1 peptide, comprising about half of it,
face the antibody (Figure 5). A total of 454 A? of the Fab's molecular surface and 386A2
of the peptide's molecular surface are buried in the complex. Two hydrogen bonds and 61
van der Waal interactions are present between Fab 2G12 and the 2G12.1 peptide. The
two hydrogen bonds occur between backbone nitrogens of peptide residues Alal and
Cys2 and the side chains of the H2 loop residues AspHS9 and TyrHS7, respectively. The
bulk of the van der Waal interactions and buried molecular surface contributed from the
2GI12.1 peptide, belong to the residues on the side of the cyclic peptide facing the Fab.
These residues include Alal-Pro3 and Met10-Cys15. In addition, Leu8, which is on the
side of the cyclic peptide facing away from the Fab, faces down and towards the
antibody, its side chain contributes to the peptide-Fab interaction. The peptide contacts
the CDR loops L1, L3, H2, and H3. A schematic representation of the intra-peptide and
Fab-peptide interactions is shown in Figure 6.

The conformation of the primary combining pocket of 2G12 is slightly perturbed

in the Fab-peptide complex relative to its conformation in the Man,GlcNAc,- and the
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Figure 4. Peptide bio-2G12.1 bound to 2G12 Fab. The corresponding 2F,.-F,. electron
density for the peptide is also shown contoured at 1.60. The peptide is in gray, the 2G12
light chain in cyan and heavy chain in red.
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Figure 5. (A) Side view of the bio-2G12.1 peptide-Fab complex. (B) Top view of the
peptide bound adjacent to the primary sugar-binding pocket of Fab 2G12.
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Figure 7. Alignment of the 2G12 structure around the CDRs H1, H2, H3 and L3, from the
Fab-peptide complex (blue), and 2G12- Man,GIcNAc, complex (purple). TyrH57 side
chains are in different rotamers. TyrL.94 of the L3 loop, and the displacement of
AspH106 carbon and side chain are also shown.
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Manao 1-2Man-bound structures (Figure 7). TyrH57 in the H2 loop of 2G12 hydrogen
bonds to the 2G12.1 peptide, this tyrosine side chain is in a different rotamer, facing up in
most of the solved 2G12 structures, in which it pressed up against TyrL.94 of the L3 loop
which makes up part of the primary mannose binding-site (46). Thus by affecting
TyrL.94, TyrH57 has an indirect role in sugar binding. A displacement of about 2.2A is
observed for GlyL93, AspH102 and AspH106 backbones, between the 2G12.1- and the
Man,GlcNAc,-bound structures. These displacements are less obvious if the 2G12.1-
bound is compared with the Mana1-2Man-bound structure, suggesting that they may be

functionally irrelevant.

Optimization of peptide 2G12.1 sequence.

Results from KinExA and Biacore experiments revealed a low-affinity interaction
between the 2G12.1 peptide and the antibody. With the objective of optimizing the
affinity of clone 2G12.1, we built a phage-displayed peptide sublibrary of 10°
independent clones. Table 5 shows the results from screening the library with 2G12 IgG
and Fab. Clones with a range of reactivities for 2G12 were isolated (clones 1, 2, 5 and
D3, D10, respectively), as well as clones that conserve the parental sequence (clones 3
and 10). The majority of selected sequences differed in only one or two residues from the
parental clone 2G12.1.

We have previously observed that the apparent affinity of phage clones in ELISA can be
influenced by the amount of peptide displayed on the surface of the phage (unpublished
results). Since our display system is highly multivalent (up to ~300 éopies of

peptide/phage particle), large differences in peptide copy number between different
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Table 5. Deduced amino acid sequence of peptides displayed by phage
clones isolated in the screening of the 2G12.1 sublibrary.

Clone Deduced amino acid sequence'® 2G12 binding”
2Gl12.1-1 SCPSSSVLDMRSGTCL -/+
2G12.1-2 ACPPHHVLDMPSGTCL -/+
2Gl12.1-5 ACPPSTALDMRSGTCK -/+
2Gl2.1* ACPPSHVLDMRSGTCL +
2G12.1-3* ACPPSHVLDMRSGTCL +

2G12.1-10* ACPPSHVLDMRSGTCL +
2G12.1-6 TCPPSHVLDMRRGTCL ++
2G12.1-Cl11 QCPPTHVLDMRSGTCL ++
2G12.1-D11 GCPPTLVLDMRSGTCL ++
2G12.1-8 ACPPSHVLDMRSGTCV +++
2Gl12.1-4 ACPPSHVLDMRSGTCI +++
2G12.1-9 GCPPTHVLDMRSGTCL +++
2Gl2.1-C2 GCPPSHVLDMRSGTCL +++
2G12,.1-C12 GCPPSHRLDMRSGTCI +++
2G12.1-D3 SCPPSHVLDMRSGTCL ++++
2G12.1-D10 ACPPSHYLDMKSGTCR ++++

{a) Amino acids different from the parental 2G12.1 clone are in bold.
{b) Relative binding to 2G12 IgG with respect to the parental clone 2G12.1, as determined

by phage ELISAs.
* Same sequence as the 2G12.1 parental clone.
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clones are possible. Furthermore, the bivalent binding of IgG may mask differences in
peptide affinity, due to the avidity effect. Thus the coding sequences of several peptides
(2G12.1,2G12.1-4, 2G12.1-D3 and 2G12.1-D10) were cloned into the MBP gene,
expressed and purified as MBP-fusion proteins, using the system developed by Zwick et
al. (353). The purity and the monomeric status of the MBP fusion proteins were verified
by non-reducing SDS-PAGE (not shown). The binding of MBP fusions to 2G12 IgG was
tested by a capture ELISA with plate-adsorbed antibody, in which binding occurs in a
monovalent fashion. The results shown in Figure 8 confirmed that the sublibrary clones
2G12.1-4,2G12.1-D3 and 2G12.1-D10 bound MAb 2G12 more tightly than the parental
2G12.1, with clone 2G12.1-D10 showing the highest signal, thus revealing a binding-
optimized peptide.

The affinity of 2G12 IgG for recombinant fusions 2G12.1-MBP and 2G12.1-D10-MBP
was determined by SPR, using a kinetic method (Table 3). Control injections of purified,
recombinant MBP (New England Biolabs, Beverly, MA) ruled out any detectable
interaction of 2G 12 with the carrier (MBP) domain of the protein (data not shown). The
sensorgrams were fitted to the 1:1 (Langmuir) binding model provided in the
BiaEvaluation 4.1 software. As described for other phage-display derived peptides (206,
282), the 2G12.1-MBP fusion protein displayed a higher affinity than the 2G12.1
synthetic peptide, in this case by almost one order of magnitude (Kdygp usion = 28 UM vs.

Kd =200 uM). However, only a modest fit could be obtained for 2G12.1-D10-MBP

synt.pept

with the 1:1 (Langmuir) binding model (x’= 5.96), which produced a Kd of 400 nM,

almost two orders of magnitude lower than that of 2G12.1-MBP (Téble 3a). Since the fit

to the 1:1 binding model was not optimal, and the residual plots show non-dispersed
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Figure 8. Titration ELISA on MBP fusions produced from 2G12.1 sublibrary clones.
2G12 IgG was adsorbed to microwells and used to capture MBP fusion proteins from
solution at the concentrations indicated. Bound proteins were detected with a biotinylated
anti-MBP MAD, and Neutravidin-HRP and ABTS. E4.6 is a 2F5-specific MBP fusion
used as negative control. Values are expressed as optical density at 405-490.
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deviations from the model (not shown), the two sets of data were fitted to other affinity
models available on the BiaEvaluation 4.1 software. The "two-stages reaction" model
produced a much better fit for the 2G12.1-D10-MBP data (y’= 1.32, Table 3b); however,
only a slight improvement was observed for the 2G12.1-MBP fit (szgmui, = 1.01 vs. %o
suges = 0.88). Using this model, the overall Kd for the 2G12.1-D10-MBP was 340 nM,
only slightly lower than the 400 nM calculated with the 1:1 (Langmuir) binding model.
Taken together these analyses produced Kd ranging from 1.2 uM to 28uM for 2G12.1-
MBP and 340 nM to 400 nM for the 2G12.1-D10-MBP.

The "two-stages reaction" model describes a 1:1 binding of analyte to
immobilized ligand, followed by a reversible conformational change in the complex,
which can be expressed as A + B = AB = AB* (23). The model produces two sets of
association and dissociation rates, (k,1/k,I, and k,2/k,2), which correspond to the first (A
+ B = AB) and the second (AB = AB*) stages of the reaction, respectively. Poor fit to the
1:1 (Langmuir) model, accompanied with good fit to the "two stages model" may be
interpreted as an indication of complex binding dynamics. Interestingly, poor fit with the
1:1 (Langmuir) binding model was also observed by Dudkin et al., in SPR assays of
2G12 binding to dimeric Man, glycopeptides (89). Their sensorgrams bear strong
resemblance to ours, with two apparent association phases and two apparent dissociation
phases (not shown). However, deviations from the Langmuir model are often observed in
systems conforming with the assumed 1:1 stoichiometry, most frequently because of
heterogeneity of the ligand as a result of the immobilization procedure (227). Thus, more
intricate binding kinetics than the 1:1 (Langmuir) model can't be assigned based solely on

SPR data; instead they must be verified by other methods. Thus, while our data fits a two-
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stage model, the possible relevance of this to the mechanism of peptide binding is

unclear.

Critical binding residues on the 2G12.1 peptide.

Single substitutions of every residue of the 2G12.1 sequence were generated by
site-directed mutagenesis in the context of the phage. Most amino acids were changed to
alanine with the exception of Alal, which was changed to Gly, and Cys2 and Cys15,
which were changed to Ser. PEG/NaCl-purified phage were assayed for binding to 2G12
IgG in ELISA using two concentrations of IgG. The results, expressed as % 2G12
binding of the 2G12.1 wild type, are shown if Figure 9.

Several types of substitutions can be identified based on their effect on 20 and 5
nM 2G12 IgG binding: (i) substitutions that do not affect reactivity or have only a modest
effect (Alal, Pro4, SerS, Val7, Argll and Leul6), (ii) substitutions that have a significant
effect (His6, Leu8, Asp9, Metl0, Ser12 and Thr14), and (ii7) those that ablate binding
and thus define residues that are critical for binding (Cys2, Pro3, Gly13, Cysl15). These
results are in good correspondence with those shown in Table 5 for the clones selected
from the 2G12.1 sublibrary. Most sequence differences from the 2G12.1 parental clone
are concentrated at sites that are not strongly affected by amino acid substitutions.

We have previously observed that moderate binding differences between phage clones
may go unnoticed in an IgG-based assay, most likely due to bivalent binding of IgG to
multicopy peptide on the phage, whereas those differences become apparent if the assay
is performed with Fab (206). This could not be done, since our prepération of 2G12 Fab

is composed of 80-100 % dimer, and is therefore mainly bivalent (46). Thus, it is possible
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that were a monovalent fab available for assay some of the substitutions conferring only a

significant effect in our assay, may actually define additional critical binding residues.

DISCUSSION

Our results show that the 2G12.1 peptide is not a mimic of the 2G12
oligomannose epitope on gp120. The peptide binds to Fab 2G12 at a site near to, but
different from the primary carbohydrate-binding site, as evidenced by the crystal
structure presented here. Furthermore, binding to Mano1-2Man and peptide occurs
through different antibody-ligand contacts; MAb 2G12 contacts Mana 1-2Man through
16 amino acids, 14 of which are located in the VH (46), whereas only ten antibody
residues, all located on the CDRs, and most from the VL domain, are involved in
contacting nine residues on the 2G12.1 peptide (Figure 6).

Nonetheless, competition ELISAs between peptide and mannose, fructose and
Man a1-2Man (Figure 2) showed that pre-incubation with the sugars inhibits subsequent
2G12 binding to 2G12.1, similar to their inhibition of binding to gp120. Only partial
inhibition of 2G12 binding to gp120 was observed upon preincubation of 2G12 with a
high concentration of 2G12.1 peptide (1 M). This may be explained by the differences in
affinity of MAb 2G12 for 2G12.1 peptide and gp120 (micromolar vs. nanomolar), which
would favor 2G12 binding to the plate-adsorbed gp120 in the competition ELISA. In
addition, the 2G12 dimer has four combining sites for the Man,GlcNAc, moieties present
in gp120, whereas the 2G12-2G12.1 peptide co-crystal structure shows peptide bound
only to two sites on the Fab dimer (at the VH-VL interface). Thus, there is the possibility

that residual interaction of gp120 Man,GIcNAc, with the secondary binding sites on
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2G12 (at the VH-VH interface) allows binding to gp120, and thus blocks the peptide
binding indirectly. The structure of the Fab-peptide complex illustrates how 2G12.1 can
compete with large oligomannose structures on gpl20 for binding to 2G12. The
superimposition of the peptide-Fab structure with the previously-determined structure of
Fab in complex with Man,GIcNAc, (46), suggests that the D2 and D3 arms of
Man,GlcNAc, would sterically clash with the 2G12.1 peptide, if they were bound
simultaneously (not shown).

Steric hindrance, however does not explain why smaller molecular-weight sugars
like mannose, fructose or Mana 1-2Man inhibit 2G12 binding to 2G12.1 peptide; the
basis for this inhibition remain unclear. Superimposition of the Mana1-2Man- and the
2G12.1 peptide-bound structures shows that Mana1-2Man and the peptide do not occupy
the same space (not shown); furthermore, there is minimal overlap between the footprints
of Ma1;a1-2Man and the 2G12.1 peptide on the 2G12 paratope (Figure 10). Nonetheless,
two Fab contacts are shared between Mano.1-2Man and 2G12.1: GlyL93 (CDR L3) and
AsnH107 (CDR H3) (see Figures 6 and 10). Thus it is possible that once engaged in an
interaction with one ligand (the saccharide or the peptide), GlyL93 and AsnH107 would
no longer be available to contact a second ligand, and thereby prevent binding. If this is
the case, it can be predicted that mutations on 2G12 GlyL93 and/or AsnH107 would
significantly decrease the reactivity of 2G12 with the 2G12.1 peptide. In support of this
explanation, alanine substitution of the AsnH107 on the Fab causes a 1000-fold drop in
reactivity with gp120, indicating that AsnH107 is important for binding to the
carbohydrates on gp120 (46). On the other hand, alanine substitutioh of GlyL93 does not

affect binding (46). Alternatively, we can speculate that binding to the peptide and the
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Figure 10. Molecular surface representation of a 2G12 monomer showing antibody areas in
contact with 2G12.1 peptide (cyan) and Mana1-2Man (pink), residues that contact both
ligands are in yellow. The backbone of 2G12.1 peptide is shown in green. (A) side view;
(B) top view. The antibody light chain is shaded in dark gray, the heavy chain in lighter
gray. Contacts with Mana1-2Man were taken from Calarese et al. (46). Contacts with
2G12.1 peptide are from this work. Figure prepared with Swiss PDB Viewer.
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carbohydrates requires different, and probably mutually-exclusive structures of the 2G12
paratope, which may allosterically perturb one another. However, a comparison between
the antibody’s backbone in the 2G12.1-bound and the Mana1-2Man-bound structures did
not provide much support for this idea, since only slight differences of the carbohydrate-
binding site were observed between these two structures (not shown).

Alanine substitutions along the 2G12.1 peptide sequence demonstrated that nearly
all of the residues in the peptide are somehow important for 2G12 binding. The amino
acids least critical for 2G12 binding are Ser5, Val7, and Argl1, which correlates well
with the crystal structure. Peptide residues SerS and Val7 are both found on the side of
2G12.1 that 1s away from the Fab, and make no interactions with it. In addition, these
side chains do not play a role in any of the internal hydrogen bonds of 2G12.1. Argl1,
though calculated to make van der Waal interactions with Fab 2G12, has poorly defined
electron density, and therefore these interactions may be insignificant. The frequent
substitutions of those residues in phage clones selected from the sublibrary screening
(Table 5) also supports this.

The residues in the 2G12.1 peptide that are most critical for 2G12 binding are
Cys2, Pro3, Gly13 and Cysl15. Cys2 and Cys15 form the disulfide bond, giving 2G12.1 a
cyclic structure. Not only do Pro3 and Gly13 make van der Waal contacts with Fab
2G12, but they also appear in the turns of the cyclic peptide; thus their unique phi/psi
restraints (or lack of in the case of Gly13) most likely play an important role in its overall
structure. In summary, many of the peptide residues are important for Fab binding
because they play a role in contacting the Fab directly (through hydrogen bonding or van

der Waal interactions), or in stabilizing the peptide's structure, whether by forming the
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disulfide bond, internal hydrogen bonds, or conferring specific phi/psi restraints on the
turns,

The results reported here are in keeping with the findings of Vyas et al. (330) for
an octapeptide ligand of the SYA/J6 antibody. Neither of the two peptides are structural
mimics of their cognate carbohydrate antigens, but bind to the antibodies using different
contacts. In that study, the peptide binds to the carbohydrate-combining site on the
antibody, with the same affinity as the pentasaccharide, but the contacts and the
thermodynamics of binding are different (330). A third structure, of a peptide ligand
bound to MAb 2H]1, a protective antibody directed against the glucoronoxylomannan
(GXM) of C. neophormans, has been reported by Young et al. (346). Although there is
no carbohydrate-bound structure to compare with in this case, there is indirect evidence
suggesting that this peptide is not a structural mimic of GXM. In the structure, most
peptide-antibody interactions are established with the VL, however immunizations with
the peptide elicited antibodies with the same or related VL genes but VH genes different
from 2H1. None of those antibodies crossreacted with GXM, indicating that the usage of
the proper VH is critical for reactivity with the carbohydrate (321).

Multiple groups have isolated peptide ligands for antibodies against carbohydrate
antigens in pathogens, in most cases, as an attempt to overcome the poor immunogenicity
of carbohydrates (132, 181, 247, 250, 260, 320). While this approach assumes that
peptides can act as structural mimics of carbohydrates, the structural studies mentioned
above indicate that this is probably a rare occurrence. Very likely, most, if not all the
peptides isolated are functional rather than structural mimics, and thérefore, it is very

unlikely that they can be effective immunogens for conventional immunization strategies.
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The structure described here provides an opportunity for structure-based design of
immunogens to elicit 2G12-like antibodies; for example to design high affinity
glycopeptides that would span both the peptide- and the mannose-binding site of the
antibody. In addition, further affinity improvements may be obtained by composite
peptides, as suggested by modeling a Ser in position 1 (as in clone 2G12.1-D3) in the
structure of 2G12.1 peptide, which indicates the establishment of at least one additional
hydrogen bond with the antibody. A significant effort is being made by others to develop
synthetic carbohydrate immunogens, to elicit 2G12-like, neutralizing antibodies (89, 115,
185, 194, 333), yet most compounds suffer from the handicap of a low affinity of
interaction with 2G12. Monomeric Man,GlcNAc and Man,GIcNAc,-Asn have an ELISA
IC,, of 0.95 mM; whereas a tetrameric oligomannose cluster, synthesized on a
galactopyranoside scaffold, has an ICs, of 13 uM (333). A trimeric Man,GlcNAc,-Asn
structure, assembled on cholic acid, has produced an ICs, of 21 uM (185). Our affinity
studies show that we can achieve Kds ~ 400 nM, for an optimized sequence fused to
MBP. Thus a strategy of glycopeptide design based on the peptides presented here, or
their derivatives, could provide a significant starting affinity boost, based on the

antibody's specificity for the peptide domain.
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6. GENERAL CONCLUSIONS.

In this work, we have presented results pertaining to the isolation, and functional
and structural characterization of specific peptide ligands for the broadly HIV-1
neutralizing MAbs b12, 2F5 and 2G12. In Chapters 2 and 3, we described the isolation
and characterization of B2.1, a peptide that competes with gp120 for binding to MAb
bl2, and that shares partial sequence homology with the D-loop of HIV-1 gp120, which
is located within the CD4-binding site. The B2.1 peptide is highly specific for b12 since
it selected phage carrying this antibody from the phage-displayed antibody library from
which b12 was originally isolated. We have presented the crystal structure of the bl2-
B2.1 peptide complex at 1.7 A resolution, the first structure of an antibody against a
conformational site in complex with a peptide ligand. The B2.1 peptide and the gp120 D-
loop occupy the same general spatial location if our structure is superimposed with a b12-
gp120 docked model. However, fine structure comparisons, together with functional data
suggest that the B2.1 peptide binds to b12 in a way that involves replication of only one
or perhaps two, of the putative high-energy contacts that b12 may establish with the D-
loop of gp120.

Chapter 4 describes the isolation of peptides specific for MAb 2F5 and their use
to explore the sequence requirements for peptide binding to 2F5, and therefore to more
fully understand the epitope for 2F5. We have provided evidence that MAb 2F5 displays
multispecificity for sequences flanking the DKW core epitope, and that the region C-
terminal to the core is important for high-affinity binding. The amino acid sequence in

this region may be diverse, and unrelated to the native sequence of gp41. Thus we
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defined the existence of two functionally different regions in the paratope of MAb 2F5,
one that is highly specific for the DKW core epitope, and another that interacts with the
C-terminal region of our peptides in a multispecific fashion. New, interesting evidence
has accumulated, which points to the complexity of the epitope for 2F5. Structural results
by Ofek et al. (228) have shown that regions of 2F5 that are important for its activity are
not engaged on binding to a 17-mer peptide derived from the gp41 sequence, and
containing DKW (228). Furthermore, Zwick et al. (354) found that the only mutations on
8P4 1 6e0.630) that confer 2F5 neutralization resistance to pseudotyped viruses, map to the
DKW . 666, core epitope (354). Grundner et al. (126) found a ten-fold better reactivity of
2FS5 with gp160 in the context of lipids than without lipids, in a proteoliposome format.
More recently, Haynes et al. (133) reported that 2F5 binds the phospholipid cardiolipin
(albeit at much lower affinity) and suggested that 2F5 may be a polyspecific, autoreactive
antibody (133).

A complex epitope for 2FS5, in which the membrane phospholipids are involved in
interactions with the antibody, would integrate our results (206), with those of Ofek ez al.
(228), Grundner et al. (126), Zwick et al. (354) and Haynes et al. (133). First, 2F5 binds
better in the context of lipids (126). Second, the structure solved by Ofek et al. (228)
shows a “hydrophobic foot” at the top of the CDR H3 of the antibody, which could
potentially interact with the viral membrane. Third, the two functional regions of the 2F5
paratope detected by us may correspond to a DKW-binding domain and a membrane-
binding one, respectively, the C-terminal regions of the peptides we isolated could extend
to reach the CDR H3 hydrophobic foot described by Ofek er al. (228). Fourth, the results

of Zwick et al. (354) indicate that only DKW, and no other gp41 protein residues in the
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MEPR are required for neutralization. Fifth, Haynes et al. (133) have provided evidence
of 2F5 interaction with an endogenous phospholipid. A membrane-protein mixed epitope
would also explain the failure of past peptide immunizations to elicit 2F35, since the real
epitope would have always been incomplete on those immunogens (see p. 35 for relevant
citations). These considerations indicate the necessity of evaluating both the antigenicity
and immunogenicity of the gp41 membrane-proximal region in the context of biological
or model membranes.

In Chapter 5, we have described the identification of peptide sequences that are
specific for the anti-carbohydrate MAb 2G12. One of those (bio-2G12.1) was made as a
synthetic peptide and its crystal structure solved in complex with the MAb. A comparison
with previously solved structures of the MADb alone or in complex with carbohydrate
ligands showed that the peptide binds to a site adjacent to and only partially overlapping
the primary carbohydrate-binding site of the antibody. Two antibody residues are
involved in contacts with both the peptide and Mana1-2Man, whereas the rest of the
interactions are unique to each ligand. Competition between the peptide and Manal-
2Man was observed, most likely determined by their competition for contacting these two
antibody residues, since there is no steric hyndrance between the two ligands in the
antibody-bound structures.

General conclusions about the mechanism(s) of peptide mimicry of protein and
carbohydrate epitopes can be deduced from our results. Ideal peptide mimicry of a
conformational site could be defined as that obtained with a mimic that can cover all or
most of the paratope, displays the same general shape of the native épitope, and

establishes the same high-energy contacts with the antibody. The first condition would be
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difficult to fulfill by a peptide epitope, since most antibodies posses a paratope area larger
than that of a peptide, thus the most common case would be that a peptide epitope
interacts with only a subregion of the antibody’s paratope. On the other hand, a peptide
may replicate the general structural shape of a part of the native epitope. However, this is
not what our results with the B2.1 peptide indicate.

Peptides in our study required most of their amino acids for binding to the
antibodies, as evidenced from the alanine substitution or deletion experiments; critical-
binding residues (CBRs) were found distributed over the sequence of peptides. The two
crystal structures presented here indicate that only a subset of peptides CBRs are
involved in antibody contact, many are also heavily engaged in maintaining the complex
structures of the peptides. The crystal structures also suggest that the B2.1 and bio-2G12
peptide ligands establish only one or two contacts similar to those made by the native
epitopes, which constitute the only elements indicating structural mimicry.

Our results also address the issue of the feasibility of developing an epitope-
targeted vaccine that can elicit bl12-, 2F5- and 2G12-like, broadly Nt antibodies.
Immunization experiments described in Chapter 3 show that gp120 crossreactive
antibodies were not produced upon immunization with B2.1 in different formats, even
though high titers of anti peptide antibodies were obtained. This outcome is somewhat
similar to results with 2F5-binding peptides, reported by others, which have induced high
titers of anti-peptide or anti-gp41 antibodies that failed to be neutralizing. It is apparent
that peptide antigenic "mimics" of neutralizing sites in the envelope of HIV-1 are
unlikely to produce a HIV-neutralizing response by direct immunizations, since they do

not fully replicate the structural features of the cognate epitopes on the functional
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envelope spike, and therefore induce the production of different antibodies. However,
peptide mimics may still be an attractive choice for focusing a pre-existing antibody
response to relevant epitopes.

We have explored here three variations of the same theme, and consequently, our
strategy has produced peptide ligands with dissimilar characteristics, which relate to the
complexities of their respective antibodies. For the domain-swapped, carbohydrate-binder
2G12, a peptide that binds adjacent to the cabohydrate binding site was isolated, whereas
for b12 the peptide still binds to the putative gp120-binding site, but seemingly, through
limited mimicry of a subsite of the epitope. MAb 2F5, whose activity depends upon the
presence of a linear determinant, showed a significant degree of multispecificity for other
region(s) of its paratope. What seems to be clear from our results is that each antibody
will require its own particular approach for the generation of immunogenic mimics that
will elicit neutralizing antibody responses.

The known neutralizing HIV-1 MAbs are molecules characterized by
unconventional or exceptional features, which reflect their unique functional properties,
and the complexities of their corresponding epitopes on the viral envelope. One such site,
the membrane proximal region of the gp41, is particularly attractive since more than one
broadly-NtAb against it has been isolated; in fact, the epitopes for the two most potent
neutralizing antibodies, 2F5 and 4E10, which have a linear component, map to that area.

The strategy described here should prove useful for the characterization of these and

other epitopes, and for the development of epitope-targeted vaccines against HIV-1.
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