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ABSTRACT

Certain elite controllers have very potent broadly neutralizing antibodies that
neutralize a range of HIV viruses by targeting certain conserved regions on the
virus. Designing immunogens to elicit such broadly neutralizing antibodies capable
of neutralizing all HIV variants and types that are found globally has proven
extremely challenging. This finding has not only provided novel strategies of

rational vaccine design but has also led to the emergence of epitope driven vaccines.

In the same direction we performed the computational grafting of discontinuous
Bcell epitopes of gp120 on suitable scaffolds. 431 scaffolds were screened for sites
capable of carrying the epitopes of interest. Out of the 431 candidates, four
structures were the successfully designed which would be used by the wet lab

experimentalists for further work and analysis.

The main idea behind the work is that given the appropriate immunogen, it should

be possible to elicit these broadly neutralizing antibody responses by vaccination.
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Computational designing of HIV immunogens

OBJECTIVES

Epitope prediction using differnt servers and generation of a consensus.
Computational alanine scanning of Ag-Ab complexes.

Computational grafting of discontinuous epitope on suitable scaffolds.
Validation by comparing the interactions of the actual complex with the
designed complexes.
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INTRODUCTION
The first cases of AIDS in Africa were described in the early 1980s where it affected

heterosexual populations in a band of equatorial countries including Zaire (now
Democratic Republic of Congo), Rwanda, and Uganda (1). It was initially known as “slim
disease” because it was associated with diarrhea and extensive weight loss. The spread of
HIV-1 to southern African countries occurred later where detection in the general
population of, for example, South Africa was only observed in the late 1980s (3). Whereas
the epidemic in Africa has always been driven by heterosexual transmission, in other
regions such as Latin America and the Caribbean, the HIV epidemic was also associated
with injection drug use (IDU) and men who have sex with men (MSM). By the year 2000,
the Caribbean had the second highest prevalence of HIV-1-infected adult population

outside sub-Saharan Africa (4).

In Asia, HIV/AIDS was first reported in Thailand, India, and China around the mid to late
1980s (5,6). Since the early 1990s, HIV incidences in excess of 10% were documented
among female sex workers (FSW) in Thailand and India, as well as among IDUs in countries
near the “golden triangle” region (where the borders of Thailand, Myanmar, and Laos
meet) (7;8;9;10;11). The epidemic then spread to more countries and populations in Asia
through IDU, heterosexual transmission, and, at a later time, through MSM contacts, as well

as mother-to-child transmission.

The major attack of the epidemic globally is carried by the low- to middle-income
countries, which provide the virus with a productive and fertile environment to spread
owing to a combination of factors including poor socioeconomic conditions, lack of access
to health care, economic or political displacement of communities, and, to a certain extent,
cultural practices and gender inequalities. As per the UNAIDS 2010 statistics 91% of the
world’s total HIV-1-infected population, numbering 30 million people, resided in low- to
middle-income countries in 2009. Being the worst hit is the sub-Saharan Africa, which
holds about three-quarters of the world’s HIV-1-infected individuals from low and middle-
income countries and more than two-thirds of the world’s total. Other regions with high
HIV/AIDS burdens include South and Southeast Asia, Eastern Europe and Central Asia, and

Central and South America, which, respectively, account for approximately 12%, 4%, and
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4% of the world’s HIV-1-infected individuals. Low- to middle-income countries also hold
the heaviest burden of drug use-related HIV infections. The three regions with both the
highest numbers and the highest prevalence of HIV-positive IDUs are all low- to middle
income regions: Latin America, with 580,000 HIV-infected IDUs (a prevalence of 29%),
Eastern Europe with 940,000 HIV-infected IDUs (a prevalence of 27%), and East and
Southeast Asia with 661,000 HIV-infected IDUs (a prevalence of 17%) (The HIV epidemic:
low to middle income countries). These associations also implies that the fight against drug

trafficking and abuse in these regions is inextricably linked with the fight against HIV.

Molecular epidemiology
Genetically and antigenically two different types of HIV have been distinguished. While

HIV-1 is more common and contributes to the majority of HIV infections worldwide, HIV-2
which is transmitted in a similar way and is clinically similar to HIV-1, progresses slowly
and is limited to the regions of West Africa. HIV-1 and HIV-2 both have arisen from Simian
immunodeficiency virus SIV harboring two different natural hosts, chimpanzees and

mangabeys respectively.

HIV-2 is closely related to the SIV found in West Africa.

There are three sub-groups of HIV-1, M (main or major), N (new) and O (outlier). The
pandemic today is caused by HIV group M viruses and currently circulating viruses can be
categorized into nine distinct clusters, referred to as subtypes or clades (subtypes A-D, F-
H, ], and K), two of which have evolved further into distinct “sub-subtype” lineages known
as Al and A2 for subtype A viruses, and F1 and F2 for subtype F viruses. In addition,
lineages have evolved comprising viruses that have been derived through genetic
recombination between viruses of different subtypes, which arose as a result of
simultaneous infection of individuals by two different subtypes. Whereas countless unique
recombinant viruses have emerged in areas where two or more subtypes cocirculate, when
recombinant viruses are discovered to have spread to form their own subepidemics, they
are referred to as circulating recombinant forms. There are currently 48 circulating
recombinant forms, or CRFs named CRFO1 through CRF48 (12). Type O HIV-1 is mostly

found in Cameroon and Gabon while the rare N sub-group is also found in Cameroon. It is




very likely that SIVcpz infected humans on separate occasions to give rise to the three sub-

groups.
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Globally, subtype C is now the most successful of the HIV-1M lineages and accounts for
50% of infections at present, whereas subtypes A and B each account for over 10% of
worldwide HIV infections. Subtypes D, G, CRFO1_AE, and CRFO02_AG account for only
between 2% and 6% each. Subtypes F, H, ], K, other CRFs, and all other unclassified
recombinant forms individually make only a minor contribution to the global HIV
population (1% each) but together account for the remaining 15% of worldwide HIV

infections (13).
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Figure 1: Regional distribution of HIV-1 subtypes and circulating recombinant forms in low- and middle-income countries.
Regions comprising different countries are colored in different shades of gray. The size of the bar is proportional to the size
of the epidemic (UNAIDS 2010) with the proportion of the subtypes contributing to each epidemic (as calculated by
Hemelaar et al.2006) illustrated as a percentage of the bar.
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Figure 2: Regional distribution of HIV-1 subtypes and recombinants in Asia. The data of Malaysia, Indonesia, Philippines,
Pakistan, Central Asia (including Afghanistan, Kazakhstan, and Uzbekistan) and West Asia (including Saudi Arabia, Iran and
Israel) are from the Los Alamos HIV databases (http://www.hiv.lanl.gov/). The data of China, Japan, India, Myanmar,
Vietnam and Thailand are from former studies in the region and estimates based on the unpublished data of research
projects (Y Shao. pers.comm.).

Gp-120
The glycoprotein gp120 subunit is a major target for neutralizing antibodies and an

important part of the envelope spikes that protrudes from the surface of HIV-1. However,
immunization with recombinant gp120 does not elicit neutralizing antibodies against
multiple HIV-1 isolates (broadly neutralizing antibodies), and gp120 failed to demonstrate
vaccine efficacy in recent clinical trials. Immunization with recombinant monomeric gp120
elicited antibodies that could neutralize viruses that were neutralization-sensitive
following extensive passage in immortalized T cell line cultures, but not viruses grown in
limited passage in peripheral blood mononuclear cells (PBMCs) (14). The latter are more
representative of circulating “primary” viruses. The general inability of recombinant gp120
to elicit cross-neutralizing (or broadly neutralizing) antibodies to primary viruses has
sharpened interest in understanding the differences between the structure of gp120 in its
recombinant form and its structure in the context of the envelope spike. Plethora of
evidence suggests that the gp120 conformation in the context of the envelope spike is the

crucial structure recognized by neutralizing antibodies (15-21).




The HIV envelope spike is a complex between gp120 and gp41 (22). The gp120 unit
mediates the initial attachment of the virus to the target cell, whereas gp41 is required for
the fusion of virus and target cell membranes. During HIV infection, the viral envelope
spike is first synthesized as a single polypeptide precursor (22) and then subsequently
oligomerizes and undergoes extensive glycosylation within the Golgi. The glycosylation
process imparts conformational stability and ensures proper folding of the envelope
glycoprotein (23); glycosylation primarily involves the attachment of N-linked high
mannose-type oligosaccharides to the protein backbone. As the glycoprotein is transported
through the Golgi, accessible glycan moieties are trimmed and modified by various cellular
enzymes (22). These modifications generate so-called complex-type oligosaccharides;
glycans that are relatively inaccessible to modifying enzymes remain as high-mannose type
glycans (24). The resulting glycoprotein, having a molecular mass of ~160 kDa, is further
cleaved in the trans-Golgi network by furin or equivalent endoproteases into gp120 and
gp41l (22). The gp120-gp41 complexes, which remain associated through weak
noncovalent interactions, are initially expressed at the surface of infected cells. During the
HIV budding process, the gp120-gp41 complexes are then incorporated into the virus

envelope and displayed on its surface as viral spikes (22).

The functional part of the envelope spike is a heterodimeric trimer complex of gp120 and
gp41. The virion surface bears both the functional trimmers as well as other nonfunctional
forms of the envelope. These nonfunctional envelope entities may be monomers, dimers, or
tetramers and could possibly arise as the result of (a) the dissociation of functional gp120-
gp41 complexes, which could perhaps cause gp120 to be shed from the viral surface, or (b)

inefficient trimerization of the spike in the Golgi (22, 25, 26).

Based on comparative sequence analyses, gp120 has five conserved (C1-C5) and five
variable (V1-V5) segments (27, 28). The C1 and C5 regions were reasoned to be the main
areas on gp120 for contact with gp41, as these regions are accessible to antibody on
monomeric gpl120 but not on gp120-gp41 complexes (29, 30, 34). Other conserved
segments C2, C3, and C4 regions were suggested to form a buried, relatively hydrophobic

core within the gp120 molecule (30, 31). This gp120 core holds in it several discontinuous
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neutralizing antibody epitopes that overlap the binding sites for CD4, the primary HIV

receptor, and the coreceptor (30-33).

In contrast to the conserved regions, the variable regions (in particular, V1, V2, and V3)
were argued to be well exposed on the surface of monomeric gp120 (30). Deletion of
V1/V2 and V3 causes an increase in the binding affinity of antibodies to epitopes that
overlap the binding sites for CD4 and the coreceptor, which suggests that these variable
regions may shield conserved epitopes from efficient antibody recognition (35-38). For the
V4 and V5 variable regions, no definitive role has been ascribed; deletion of the V4 region
though has been shown to disrupt gp160 folding (31, 37), V4 also seems to tolerate

insertion of foreign antibody epitopes (39).

The CD4 binding site: The binding site for CD4 on the liganded gp120 structure is formed
by the interface between the inner domain, bridging sheet, and outer domain (42, 44). At
the center of this interface lies a hydrophobic cavity that has been dubbed the Phe43 cavity
(42). However, most of the CD4 contact residues are located on the outer domain of the

liganded HIV-1 gp120 structures and form a contiguous binding region.

The co receptor binding site: The region that is important for the interaction with the (-
chemokine receptor CCR5 has been mapped to residues in the bridging sheet and near the
V3 stem (40, 41). These residues lie close together on the liganded HIV-1 gp120 structure,
but the equivalent residues on the unliganded SIV gp120 structure are separated into two
areas (Figure c¢,d ) (14). These differences are consistent with the notion that CD4 binding
is required to lock these areas into a contiguous binding site. The fact that the coreceptor
site is not presented until after CD4 binding suggests that the site may be susceptible to
antibody recognition. Several studies have shown that HIV strains that do not require CD4
for entry are, in fact, highly sensitive to antibody neutralization (51-54). Owing to
neutralizing antibody-driven selection pressure in vivo, the prevalence of such viruses
during infection is likely low. However, in the absence of circulating neutralizing
antibodies, e.g., in the central nervous system, such viruses may occur more frequently (54,

55).
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Figure 3: Comparison of the crystal structures of HIV-I and SIV gp120 core. (a) Structure of the CD4-liganded HIV-I gp 120 core
(HXB2), viewed from the perspective of CD4. The gp120 inner domain (blue), outer domain (yellow), and bridging sheet
(orange) are shown. The locations of various gp120 regions are also denoted. (b) Structure of the unliganded SIV gp120 core
(Protein Data Bank ID 2BF1), viewed from the perspective CD4 as in (a). (c) HIV core gp120 in same ()tient:01°n as (a),
depicting CD4 contact residues (orange) and residues that influence coreceptor binding (green). (d) SIV gp120 core in thc
same, orientation as in (b). Colored according to the scheme for HIV gp120 in (c)

Viral evasion of immune response
1. Previous studies had suggested that the CoRbs is masked by the V1/V2 variable

regions (35, 36); anti-CoRbs antibodies typically require CD4 for high-affinity
binding to wild-type gp120, but removal of V1/V2 allows these antibodies to bind
their epitopes in the absence of CD4 with the same high affinity as when binding to
wild-type gp120 in the presence of CD4. The locations of the V1/V2 stem in the CD4-
liganded and -unliganded gp120 structures relative to the coreceptor site suggests
that V1/V2 may not be close enough to obstruct the CoRbs within the same gp120
molecule on the virus (42, 43). However, oligomeric modeling of the CD4- liganded
structure does suggest that V1/V2 from a given gp120 protomer may be in close

proximity to the CoRbs on a neighboring protomer to mask the coreceptor site (44).

2. Glycan shield: HIV can also use glycans to occlude antibody epitopes on gp120; 50%
of the molecule is covered with carbohydrates that render the underlying protein

surface invisible to the immune system. The virus can also shift the locations of its

12




glycans in vivo (45-47). These observations have led to the proposition of a
dynamic or so-called evolving glycan-shield model (46) by which, through the
continuous repositioning of its glycans, HIV is able to escape type-specific
neutralizing antibody responses. The repositioning of glycans may also affect local

protein folding and, hence, also indirectly affect neutralizing antibody binding.

Entropic masking: It has been postulated that the productive interaction of
antibodies with conserved regions on the HIV-1 envelope spike, in particular with
the receptor binding sites, may be limited as a result of intrinsic entropic barriers
that are imposed upon antibodies within the context of the viral spike (48). Large
changes in entropy are generally observed upon binding of nonneutralizing or
weakly neutralizing antibodies to receptor sites on monomeric gp120, whereas
small changes in binding entropy are typically observed with broadly neutralizing
antibodies (49, 48). Neutralizing antibodies, in contrast, do not incur such an
entropic penalty because they require relatively less conformational reorganization
within the gp120 molecule for efficient binding. Functional oligomeric gp120 is
likely more conformationally fixed owing to interaction with neighboring gp120

protomers within the spike (50), which supports the notion of entropic masking.

Substitution of nonessential residues: antibody recognition of the CD4bs may be
easily circumvented by the virus if the ensemble of residues that are critical for
antibody binding do not closely match those that are essential for CD4 binding, even

if the epitope maps of both ligands overlap geometrically (51, 52).

Strategies for designing HIV immunogens
At present, many antigen design strategies are being pursued to evaluate their potential to

elicit broadly neutralizing antibodies.

1. Mimicry of functional HIV Envelope spike: An immense hurdle in the design of

antigens that mimic the envelope spike is the stabilization of the gp120-gp41

interaction, which is normally mediated by noncovalent interactions and is
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relatively labile. An often-used stabilization strategy is mutation of the protease
cleavage site between gp120 and gp41 so that the two subunits remain covalently
linked upon protein expression (53-61). However, uncleaved envelope proteins
appear to be antigenically distinct from their cleaved counterparts (62). Thus,
whereas both non neutralizing and neutralizing antibodies bind uncleaved envelope
glycoproteins, only neutralizing anti-gp120 antibodies efficiently bind oligomeric
glycoprotein when the gp160 precursor protein is effectively cleaved by furin
proteases (or equivalent proteases). As an alternative approach to this problem,
single cysteine residues have been introduced into gp120 and gp41, which results in
the formation of an intermolecular disulfide bridge upon expression of the
proteolytically cleaved oligomer (62, 63, 64). However, the disulfide bridge
stabilized complexes still display epitopes that are recognized by nonneutralizing
antibodies (134), which suggests that mimicry of the native envelope glycoprotein is
not fully achieved with these molecules. A further challenge in designing envelope
spike mimics is the preservation of the trimeric state of the antigen complex. Thus,
although mutation of the protease cleavage site or the introduction of a disulfide
bridge allows gp120 and gp41 to remain covalently linked, soluble oligomers
derived in this manner often either disassociate into single heterodimers of gp120
and gp41, or tend to assemble into varying oligomerization states, such as dimers,
trimers and/or tetramers (54, 57-59, 61, 65, 66). One of the strategies that have
been employed to circumvent these problems is covalent linkage of heterologous
trimerization domains to the C terminus of recombinant oligomeric proteins (67-
69). These domains indeed improve trimerization, and the corresponding proteins
elicit neutralizing antibodies at modestly improved levels compared with
preparations that contain a mixture of oligomeric proteins (70). Notably,
immunization studies show that purified trimeric glycoproteins—independent of
whether or not they are stabilized by a heterologous trimerization domain—are
somewhat superior at eliciting cross-neutralizing antibodies as compared to simple

monomeric gp120 formulations (71-73).
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2.

3.

Other antigen design strategies have attempted to present the oligomeric envelope
spike in a more native environment, for example, through mild chemical inactivation
of virus particles (which appears to preserve the oligomerization state and
functionality of the envelope spike) (74, 75) or, alternatively, through the
incorporation of uncleaved oligomeric envelope glycoprotein complexes into
proteoliposome preparations (76). Though promising, both of these two approaches
have so far failed to elicit neutralizing antibodies of the desired breadth and potency

(71,77, 78).

Another attractive approach to presenting the envelope spike in a native-like
context is the generation of virus-like particles (VLPs) (79). VLPs represent a unique
class of subunit antigens, as they may allow closer mimicry of structures on the
surface of virions compared with other types of antigen presentation. VLPs also
have the advantage that, in contrast to soluble subunit antigens, they are able to
stimulate both cellular and humoral responses, although, unlike live or inactivated
virus, they do not contain viral genetic material (79). So far, however, the VLP
approach has not achieved the desired success in eliciting high levels of cross-
neutralizing antibodies (80-82). A possible reason for the inability of current VLP
preparations to elicit more broadly neutralizing antibodies may be due to the
expression of both nonfunctional as well as functional forms of the spike on the
surface of the virus particle. The elicitation of antibodies to cellular proteins that are

incorporated into the virus particle may also limit the efficacy of VLP preparations.

To enhance the elicitation of broadly neutralizing antibodies, variant trimeric
envelope glycoproteins have been designed with truncated or altered variable
regions. In some cases, alterations have also been made in gp41. Although some of
these alterations have resulted in an improvement in the neutralizing capacity of the
immune sera, additional modifications and other improvements will be necessary to
significantly boost the ability of these envelope spike mimics to elicit antibodies that

are capable of neutralizing a wide range of primary viral isolates.
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5. Epitope focused immunogen design: Epitope-focused antigen design may provide a
means by which to limit the induction of non-neutralizing antibodies, while

preserving the elicitation of antibodies to more conserved epitopes.

a. CD4bs immunogens: The molecular interactions of broadly neutralizing antibodies

to the CD4bs have suggested at least four strategies to elicit these antibodies (fig).

First, trimeric forms of HIV-1 Env have been generated by inclusion of the gp41
trimerization sites after deletion of the transmembrane domain. The trimeric
protein can be further stabilized by addition of trimerization sequences from such
proteins as the fibritin protein from phage lamda. Such trimers can be further
stabilized with site-specific mutations previously shown to fix the core structure
(82). In these prototypes, the variable V1-V3 domains are often removed to

minimize immune responses to irrelevant strain-specific structures.

An alternative approach is to develop immunogens based on a monomer structure
(Fig. second panel). Such proteins have been derived from stabilized core Env
proteins further altered based on an understanding of structure (83;84). The
surface of the conformationally stabilized Env core protein was modified and
masked further with glycans. Such probes have been used to analyze antisera for the
presence of broadly neutralizing antibodies and served also as prototype

immunogens to elicit antibodies to this site.

A third approach focuses on generating a subdomain of the HIV-1 Env, the outer
domain that contains the initial site of CD4 attachment (Fig, third panel). In this
protein, a large portion of the inner domain that elicits nonneutralizing antibodies is
eliminated. The immune response is therefore directed to the relevant site of initial
CD4 binding. In addition, by removing parts of the inner domain required for CD4
binding, potential inhibition by CD4 attachment is avoided. In theory, modified
forms of the outer domain will allow targeting of the immune response to the most

relevant conserved region of binding. Mutations in the outer domain region have

16




been designed to preserve high-affinity binding and are currently under evaluation

both as probes of serum neutralizing antibody activity and as immunogens.

A fourth approach to CD4bs immunogen development employs scaffolds based on
informatics and epitope transplantion (Fig, lower panel) (e.g., adding the b15 loop to
an unrelated structure that presents the epitope naturally). Scaffolds have been

identified that bind CD4bs antibodies and are the subject of continued investigation.

Trimers

Monomeric gp120 (core)

-,

gpl 2 core Resurfaced

stabilized core

Outer domain

Scaffold & Kﬁ‘-
gf 2GS

Figure 4: Alternative forms of HIV Env serve as prototype immunogens for neutralizing antibody vaccines. Different forms of
the HIV Env can be used to elicit neutralizing antibody responses. They range from the most complex form, the HIV trimer
that most closely resembles the form found on the viral spike (upper row). monomeric forms, which include the gp 120 core
or resurfaced stabilized cores (second row), a region of the core that is composed primarily of the outer domain (0D) which
includes the CD4-binding site (third row), or selected subdomains, such as the CD4-binding b-15 loop or M PER attached to a
heterologous stable scaffold (bottom row). Modification of these prototypes by deletion of variable regions, removal, or
addition of glycans, stabilization with disulfide bonds or addition of space filling mutations can serve to alter
immunogenicity and elicit antibodies of the desired specificity.

b. Glycan and quaternary immunogens: At least two types of antibodies recognize
carbohydrate determinants on HIV-1 Env. Among these antibodies are those like the

prototypic 2G12 mAb that recognize high-mannose structures on the outer domain.
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There is concern that it will be difficult to generate antibodies to carbohydrate
structures added by endogenous glycosylation machinery, and even if it is possible,
there is concern that such antibodies may react with such carbohydrates on host
proteins. Nonetheless, several groups have attempted to develop immunogens by
chemical conjugation with nonhuman glycans or by selection in yeast (85). Although
some structures have been defined that react with 2G12, it has not yet been possible
to elicit such neutralizing antibodies with these immunogens. Another class of
exceptionally neutralizing antibodies has been directed to glycans, and possibly
peptide sequences in the V1/V2 region, with additional interactions dependent on
the V3 region. Such immunoglobulins have been termed quaternary antibodies,
although it is not certain that they are directed to complex conformational
determinants from different parts of Env. Although the structure of at least one such
antibody has been elucidated, the molecular details of its interaction with Env
remain hypothetical. Efforts at immunogen design have focused thus far on
membrane-bound trimers, which show the strongest binding to these antibodies;
however, occasional monomeric gp120 derivatives have been identified and are also
under investigation. Although this class of antibody represents _25% of the
antibodies in the sera from subjects with broadly neutralizing responses (86), it has
not yet been possible to elicit these antibodies by vaccination in animal models or

humans.

MPER, V3 and CD4i Immunogens: At least two broadly neutralizing mAbs, 2F5 and
4E10, recognize the highly conserved MPER region of Env. Both show reasonable
breadth of neutralization, although their potency is generally low. Structures of
these antibodies complexed to their cognate peptides have been determined and
suggest that hydrophobic patches are required for stable interactions needed for
neutralization. In the case of 4E10, efforts to develop immunogens based on
stabilized peptides have allowed the definition of vaccine candidates with
appropriate antigenic profiles but they do not elicit neutralizing antibodies. In the
case of 2F5, a variety of approaches have elicited antibodies that react with 2F5

peptides but these antibodies do not neutralize diverse viral strains. An
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understanding of the structural interactions of 2F5 with its viral target has
suggested that the structure of the 2F5 peptide in the context of gp120 as well as its
interaction with the viral membrane through a hydrophobic patch is required for
neutralization. Based on these findings, Ofek and colleagues have generated
scaffolds that present the constrained 2F5 peptide which can elicit antibodies that
interact similar to the 2F5 ab, suggesting a potential strategy to elicit such

neutralizing antibodies (87).

The V3 and CD4i regions have also received considerable attention with respect to
immunogen design and have been reviewed elsewhere. It is possible to elicit
neutralizing antibodies to these V3 epitopes using modified murine retroviral gp or
HIV-1 Env proteins. Because the V3 region is not exposed on most naturally
circulating viral isolates, it is unlikely that these responses would be effective in the
absence of an activity that would increase its exposure. Thus far, no such agonistic
antibodies have been identified and this target therefore poses a considerable
challenge. Similarly, CD4i antibodies can also be readily induced after immunization
with HIV Env stabilized core proteins (88). Although such antibodies are seen
frequently in HIV-infected individuals, they do not mediate neutralization although

it remains possible that they may contribute to protection through ADCC function.

Epitopes and epitopic vaccines
An epitope can be simply defined as that part of an antigen involved in its recognition by an

antibody. It is the minimal structure necessary to invoke an immune response. In some
senses, it is the immunological quantum that lies at the heart of immunity. Epitopes must
come from proteins accessible to immune surveillance and to be specific for a particular

pathogen or tumour.

T cell epitopes are short peptides bound by major histocompatibility complexes (MHC) and
subsequently recognized by T cells. B cell epitopes are regions of the surface of a protein, or
other biomacromolecule, recognized by soluble or membrane-bound antibody molecules. It
is the recognition of epitopes by T cells, B cells and soluble antibodies that lies at the heart

of the immune response which, in turn, leads to activation of the cellular and humoral
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immune systems and, ultimately, to the effective destruction of pathogenic organisms. The
accurate prediction of B cell and T cell epitopes is thus the pivotal challenge for
immunoinformatics. Although the importance of nonpeptide epitopes, such as
carbohydrates and lipids, is now increasingly well understood, peptidic B cell and T cell

epitopes remain the principal goal [89]

Vaccines can be based either on epitopes or on sets of epitope: the epitope is the minimal
structure necessary to invoke an immune response. In some senses, it is the immunological
quantum that lies at the heart of immunity. Epitopes must come from proteins accessible to
immune surveillance and to be specific for a particular pathogen or tumour. Targeting
amino acid sequences as epitopes, as recognized by neutralizing antibodies or which bind
MHCs, rather than whole protein antigens has the advantage that many sequences able to
induce autoimmunity are eliminated. Likewise, these vaccines are potentially much safer:
they contain no viable self-replicating microorganisms and cannot cause microbial disease

[89].

Any peptide-based vaccine will need adjuvant to enhance immunogenicity. Whole
organisms contain not one or even a handful of epitopes, but vast numbers of all kinds, as
well as abounding with adjuvant-like natural products and danger signals. Thus it is little
surprise that single epitopes are not as immunogenic as, say, live attenuated vaccines. The
ability to tailor epitopes in light of our understanding of MHC restriction suggests that

epitope based vaccines will play an important role, particularly in cancer vaccines [89]

Epitope prediction
Identification of epitopes that invoke strong responses from B-cells is one of the key steps

in designing effective vaccines against pathogens. Because experimental determination of
epitopes is expensive in terms of cost, time and effort involved, there is an urgent need for

computational methods for reliable identification of B-cell epitopes.

Although several computational tools for predicting B-cell epitopes have become available

in recent years, the predictive performance of existing tools remains far from ideal.
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For a vaccine to be effective it must invoke a strong response from both T Cells and B Cells;
therefore, epitope mapping is a central issue in their design. In silico prediction methods
can accelerate epitope discovery greatly. B Cell and T Cell epitope mapping has led to the
predictive scanning of pathogen genomes for potential epitopes. There are over 4,000
proteins in the TB genome; this means that experimental analysis of host-pathogen

interactions would be prohibitive in terms of time, labour, and expense.

Bcell epitope prediction is more problematic due to the difficulties in correctly defining
both linear and discontinuous epitopes from the rest of the protein. The epitope of a B Cell
is defined by the discrete surface region of an antigenic protein bound by the variable
domain of an antibody. The production of specific antibodies for an infection can boost host
immunity in the case of both intracellular and extracellular pathogens. The antibody’s
binding region is composed of three hypervariable loops that can vary in both length and
sequence so that the antibodies generated by an individual cell present a unique interface.
All antibodies contain two antigen-binding sites, composed of complementary determining
(CDR) loops. The three CDR loops of the heavy and light chains form the ‘paratope’, the
protein surface which binds to the antigen. The molecular surface that makes specific
contact with the residues of the paratope is termed an ‘epitope’. A Bcell epitope can be an
entire molecule or a region of a larger structure. The study of the paratope-epitope
interaction is a crucial part of immunochemistry, a branch of chemistry that involves the

study of the reactions and components on the immune system.

Despite the extreme variability of the region, the antibody-binding site is more
hydrophobic than most protein surfaces with a significant predilection for tyrosine

residues.

BCell epitopes can be divided into continuous (linear) and discontinuous (conformational),
the latter being regions of the antigen separated within the sequence but brought together

in the folded protein to form a three-dimensional interface.

Continuous epitopes correspond to short peptide fragments of a few amino acid residues
that can be shown to cross-react with antibodies raised against the intact protein. Since the

residues involved in antibody binding represent a continuous segment of the primary
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sequence of the protein they are also referred to as ‘linear’ or ‘sequential’ epitopes. Studies
have shown that this class of epitope often contains residues that are not implicated in
antibody interaction, while some residues play a more important role than others in

antibody binding.

Discontinuous epitopes are composed of amino acid residues that are not sequential in the
primary sequence of a protein antigen but brought into spatial proximity by the three

dimensional folding of the peptide chain (91).

There is considerable interest in developing reliable methods for predicting B cell epitopes.
However, to date, the amino acid distribution of the complementary antigen surface has
been difficult to characterize, presenting no unique sequential or structural features upon
which to base a predictive system. It is partly for this reason that B cell epitope has lagged
far behind T Cell prediction in terms of accuracy but also because most of the data upon
which predictions are based remain open to question due to the poorly understood
recognition properties of cross reactive antibodies. One of the central problems with B cell
epitope prediction is that the epitopes themselves are entirely context dependent. The
surface of a protein is, by definition, a continuous landscape of potential epitopes that is
without borders. Therefore both epitope and paratope are fuzzy recognition sites, forming

not a single arrangement of specific amino acids but a series of alternative conformations.

In this instance, a binary classification of binder and non-binder may simply not reflect the
nature of the interaction. A factor also to be considered is that the average paratope
consists of only a third of the residues within the CDR loops, suggesting the remaining two-
thirds could potentially bind to an antigen with an entirely different protein surface. Often
a short length of amino acids can be classified as a continuous epitope, though in fact it may
be a component of a larger discontinuous epitope; this can be a result of the peptide
representing a sufficient proportion of the discontinuous epitope to enable cross-reaction
with the antibody. Since the majority of antibodies raised against complete proteins do not
cross-react with peptide fragments derived from the same protein it is thought that the

majority of epitopes are discontinuous.
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It is estimated that approximately 10% of epitopes on a globular protein antigen are truly

continuous in nature.

Several experimental techniques are currently available for experimental mapping of B-cell
epitopes. However, the high cost and effort involved makes them impractical for
application on a genomic scale. Computational techniques offer a fast, scalable, and cost-
effective approach for predicting B-cell epitopes, for focusing experimental investigations
and for improving our understanding of antigen-antibody interactions. Hence, there is a
growing interest in the development of sophisticated computational tools for reliable

prediction of B-cell epitopes.

Recent studies have pointed out some of the limitations of current epitope prediction
methods [91]. Hence, increasing the reliability of computational methods for B-cell epitope

prediction remains a major challenge in computational vaccinology.

Predicting linear BCell epitopes
In the case of linear B-cell epitopes, antibody-antigen interactions are often conformation-

dependent. The conformation-dependent nature of antigen-antibody binding complicates
the problem of B-cell epitope prediction. Hence, B-cell epitope prediction is less tractable

than T-cell epitope prediction.
Major approaches for predicting linear Bcell epitopes have been as follows:

Propensity scale methods: The first propensity scale method for predicting linear B-cell
epitopes was introduced by Hopp and Woods [27] and utilized Levitt hydorophilicity scale
[28] to assign a propensity value to each amino acid. This method is based on the
assumption that antigenic determinants of protein sequences correspond typically to
sequence windows that contain a large number of charged and polar residues and lack
large hydrophilic residues. Subsequently, several other propensity scales have been
proposed for predicting linear B-cell epitopes. For example, Parker et al. [23], Karplus et al.
[24], Pellequer et al. [29] and Emini et al. [26] have proposed propensity scale based
methods that use hydrophilicity, flexibility, turns, or solvent accessibility propensity scales

(respectively). PREDITOP [25], PEOPLE [30], BEPITOPE [31], and BcePred [32] predict
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linear B-cell epitopes based on combinations of physico-chemical properties as opposed to

propensity measures that rely on individual properties.

Machine learning methods: several authors have explored machine learning based methods
for predicting linear B-cell epitopes using amino acid sequence information. B-cell epitopes
using amino acid sequence information. ABCPred [12] uses recurrent artificial neural
networks for predicting linear B-cell epitopes and was evaluated on a dataset of 700 B-cell

epitopes and 700 non-epitope peptides using 5-fold cross validation tests.

BCPred [5] and FBCPred [10] predicts linear B-cell epitopes and flexible length linear B-cell
epitopes (respectively) using support vector machine (SVM) classifiers that use string
kernels [33]. COBEpro [34] uses a two-step procedure for predicting linear B-cell epitopes.
In the first step, an SVM classifier is used to assign scores to fragments of the query antigen.
The input of the SVM is a vector of similarities between the input fragment and all training
peptide fragments. In the second step, a prediction score is associated with each residue in

the query antigen based on the SVM scores for the peptide fragments.

Using several benchmark datasets, COBEpro has been shown to achieve a competitive

performance with other linear B-cell epitope prediction methods.

Predicting conformational Bcell epitopes
Although more than 90% of B-cell epitopes are estimated to be conformational in nature,

most experimental as well as computational methods focus on mapping linear B-cell
epitopes. However, in the past few years, there is increasing interest in methods for

predicting conformational B-cell epitopes.

It has been estimated that >90% of B-cell epitopes are discontinuous, i.e., consist of
segments that are distantly separated in the pathogen protein sequence and brought into
proximity by the folding of the protein. Identification of discontinuous epitopes is difficult,
since the complete analysis must be done in context of the native antigen structure. The
most informative and accurate method for identification of discontinuous epitopes is
determination of structures of antigen-antibody complexes by X-ray crystallography. The

use of discontinuous epitopes derived from presently available X-ray structures is
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complicated by two major problems: First, the available data on discontinuous epitopes in
different antigens is much reduced compared to linear epitopes; second, very few antigens
have been studied to completely identify various discontinuous epitopes in the same
antigen. The existence of undetected epitopes that are not identified in the data set can
make it harder to develop good prediction algorithms because they influence the measured
performance. However, detailed structural knowledge on antibody-antigen complexes is
growing, and allows for broader analysis of discontinuous epitopes in various antigens and

development of better prediction methods.

Three major approaches for predicting conformational Bcell epitopes are:

Sequence based prediction methods: Sequence-based methods in predicting
conformational B-cell epitopes have the advantage that they do not require the structure of
the target antigen to be known. The amino acid propensity scale methods that assign a
prediction score to each residue in the antigen sequence can in principle be used to predict
conformational B-cell epitopes. Such methods provide a baseline for evaluation of more
sophisticated conformational B-cell epitope prediction methods. A large body of work
using machine learning methods for predicting protein-protein [35,36], protein-DNA
[37,38], and protein-RNA [39,40] interfaces using sequence-derived features has
demonstrated the feasibility of using sequence-based classifiers in reliably identifying
functionally important sites in proteins. The development of such B-cell epitope predictors
would make it feasible to identify conformational B-cell epitopes in antigenic sequences for

which no solved 3D structures are available.

Structure based prediction methods: The most accurate experimental method for
identifying conformational B-cell epitopes relies on determination of the structure of
antigen-antibody complexes using X-ray crystallography. Because the number of solved
antigen-antibody complexes, or for that matter, the solved antigen structures, is small
relative to the number of available antigenic sequences, there are only a small number of
methods that utilize 3D structure derived information in predicting conformational B-cell

epitopes.

25




One of the first conformational B-cell epitope predictors is the conformational epitope
predictor (CEP) [7]. Given an antigen with a known structure, CEP uses accessibility of

residues and spatial distance cut-off to predict linear and conformational B-cell epitopes.

DiscoTope, a method developed by Andersen et al. [9], uses a combination of amino acid
statistics, spatial context, and surface accessibility of amino acids to predict conformational
B-cell epitopes. DiscoTope has been shown to outperform propensity scale methods on a
dataset of 76 antigen-antibody complexes. The same study also showed that predictors that
combine both sequence and structure-derived features of antigens are more accurate than

those that rely on either sequence or structure derived features alone.

The B-cell conformational epitope predictor proposed by Rapberger et al. works as follows

(given the 3D structure of a query antigen):

Fast atomic density evaluation (FADE) [44] is applied to select an antibody among a library

of 26 available antibodies showing best shape complementarity to the target antigen;

FastContact algorithm [45] is used to identify the most likely interaction site between the
selected antibody and the target antigen; (iii) Antigen residues that show a decrease in
relative solvent accessible surface area (estimated using a probe size of 3A) of at least 20%
in the complex are predicted as belonging to a discontinuous epitope. This method was
shown to outperform the CEP method using a non-redundant dataset of 26 antigen-

antibody complexes from Protein Data Bank (PDB).

Mimotope analysis based prediction methods: In this approach, a phage display library of
random peptides is scanned against an antibody of interest to obtain a panel of peptides
(called mimotopes) that bind to the antibody with high affinity. It is assumed that this panel
of mimotopes mimics the physico-chemical properties and spatial organization of the
genuine epitopes. However, the precise identification of the epitope mimicked by the set of
mimotopes is not straightforward since the epitope is often discontinuous
(conformational) and the epitope and mimotopes do not necessarily share a high degree of
sequence similarity. Moreover, some of the mimotopes may reflect noisy biological

observations and should be filtered out in the analysis. Hence, several computational
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methods for localizing the panel of affinity selected peptides on the surface of a target

antigen have been proposed in literature [60-65].

In general, mimotope analysis methods available in the literature differ from each other in
terms of:

how they represent the antigen structure/sequence;
how they align mimotopes with the target antigen structure/sequence;
how they cluster the mimotopes and rank the predicted epitopes.

Epitope mapping: Although physicochemical and structural features do not seem to predict
the location of B-cell epitopes, it can be anticipated that combination of these features with
specific amino acid sequences or motives may constitute the leap forward to accurate tools
for predicting B-cell epitopes. Batori et al. [4] were the first to provide evidence suggesting
the existence of general antibody-binding motifs. The Epitope Mapping Tool (EMT) seems
to be the only tool providing a concrete epitope amino acid sequence useful for peptide-
based vaccine development. A similar approach is provided by the search algorithm Pep-
3D-Search. This algorithm should facilitate the identification of peptide sequences and
motifs obtained by phage display by creating a surface graph using all surface residues of
the protein. On a set of eight epitopes and two protein-binding sites defined by
crystallography, the Pep-3D-Search revealed a sensitivity and PPV of 36% and 70%,
respectively [32 from1-52.0-51740674909]

PROTEIN ENGINEERING
Epitope backbone versus side chain grafting

Transplantation of functional motifs onto heterologous proteins is a general approach to
engineer novel molecules, such as antigens, protein inhibitors, or enzymes. The majority of
previous protein grafting studies relied on grafting the side chains of a given functional
motif onto regions of high structural homology of candidate scaffold proteins. These
approaches are restricted by the existence of structurally characterized scaffolds with
exposed backbone similar in conformation to a particular motif. To avoid this limitation,

numerous efforts involved the grafting of motifs located on common secondary-structure
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elements, such as single a-helices and polyproline type II helices, a-helical coiled coils and
B-sheets to analogous regions on heterologous proteins. In contrast, backbone grafting of
linear motifs requires reduced structural similarity between a functional motif and
candidate scaffolds, since only the termini of the motif, rather than the entire backbone

length, have to be structurally matched with a scaffold for transplantation.

Furthermore, backbone grafting has the added ability to alter the backbone conformation
of a candidate scaffold and to engineer interactions between the transplanted motif and the
scaffold such that the desired structural conformation of the motif is stabilized. Therefore,
backbone grafting may allow transplantation of structurally diverse linear functional

motifs when no suitable scaffolds exist for side-chain grafting. (119,120,121)

Epitope backbone grafting is a computational protocol that

(A) Identifies scaffolds that can accommodate the backbone conformation of a given linear
epitope.

(B) replaces corresponding native scaffold backbone with the desired backbone
conformation of an epitope

(C) Integrates the epitope with the native scaffold such that the desired epitope
conformation is stabilized, and

(D) Ensures that the antibody can interact with the resulting epitope scaffold.
The computational procedure is divided into two stages—matching and design.

MATCHING: the matching procedure aims to search suitable sites on the candidate
scaffolds that can be replaced for backbone grafting of the epitopes of interest (continuous
or discontinuous). In case of grafting of discontinuous epitopes, the matching algorithm
makes sure that all the discontinuous stretches are matched to a particular candidate
scaffold. Single matches are not reported in case of discontinuous epitopes; rather multiple
matches are searched and reported. Matching makes use of different alignment systems

namely N2C, C2N, S and E to determine the matches.
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In N2C alignment, the backbone atoms (N, C, and Ca) of the N terminus residue of the
epitope is aligned on candidate scaffolds and RMSD values are measured between the C

terminus of the epitope and proximal residues on the scaffold.

In C2N alignment, the backbone atoms (N, C, and Ca) of the C terminus residue of the
epitope is aligned on candidate scaffolds and RMSD values are measured between the N

terminus of the epitope and proximal residues on the scaffold.

In S alignment, backbone superimposition is performed.

In E alignment, the three backbone atoms of the epitope loop termini are superimposed
onto the corresponding atoms of the residue pairs on the query scaffold.

Scaffolds with rmsd values within a certain threshold set by the user and with minimum
clashes are considered for further designing. Two types of Rosetta clashes are checked for

in order to determine biologically significant scaffolds namely:

Intra clashes: these are the clashes between the epitope (single motif or continuous/ multi-
segment motif or discontinuous) and the scaffold. Intra clash values have to be as low as
possible so as ensure that the matches made do not destabilize the scaffold structure and

are on the surface.

Inter clashes: these are the clashes at the interface and these too have to least so that the
designed scaffolds do not bump into the antibody structure. Higher values of inter clashes

also indicate that matches made may not be on the surface.

So the filters and checks for finding suitable and biologically significant matches includes

the threshold rmsd values and inter and intra clash threshold values set by the user.

DESIGN: In the design phase, the selected scaffolds after passing the filters are used for
grafting the desired functional motifs. This includes replacing the matched segments of the
scaffold with the desired motifs and closing the gaps between them by adding linkers of
suitable length. Hence designing essentially covers both the sequence as well as structure

design.

29




BROADLY NEUTRALZING ANTIBODIES
Broadly neutralizing antibodies are key players in mediating protection against HIV by

targeting certain conserved regions on gp120 surface protein of the virus and hence
effectively neutralizing many types of the HIV. With the discovery of these broadly
neutralizing antibodies, new approaches to HIV vaccine development have emerged that
exploits the potential of designing immunogens carrying the conserved regions (of gp120)
targeted by these antibodies. These immunogens if administered as a vaccine may elicit
such broadly neutralizing antibodies within the vaccinated individuals. Studies in the field
of AIDS vaccine research and the technological advances have now made it possible to
isolate and characterize these antibodies even though they form a minor portion of the
total antibody repertoire in chronically infected HIV patients. Also the exact positioning of
these antibodies on the Env protein has also been well understood. So far, these antibodies
have been known to target the CD4 binding site, membrane proximal external regions
MPER, conserved regions of the variable loop V1/V2/V3 of HIV gp120 and the glycan
dependent epitopes (122)These antibodies display certain unusual characteristics like
polyreactivity, extensive somatic hypermutations and long VH CDR3 which not only make
them very effective against HIV infections but also very important for developing new

strategies for prevention against AIDS (123).
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Figure 5: The envelope of HIV-1 carries spikes. (a) Each spike is made of three molecules of the surface glycoprotein gp120
and three molecules of the transmembrane glycoprotein gp41. Glycoprotein gp120 contains variable V1/V2 and V3 loops, as
well as the binding site for CD4. (b) The binding sites of broadly acting and potent HIV-1- specific neutralizing antibodies are
shown as colored circles

For many years, the HIV antibody field was restricted to the study of a few monoclonal
antibodies that identify the following three epitope sites on the envelope: the CD4-binding

site, the membrane proximal external regions, and a particular pattern of glycans.

These antibodies are very rare, out of thousands made that are less active, and most of the
protective antibodies have unusual features, such as a long complementarity-determining
region 3 (CDR3) in the heavy-chain variable (VH) region, a large number of somatic

mutations and polyreactivity16.

It is now clear that ~20% of patients chronically infected with HIV-1 make BnAbs, although
it takes them 3-4 years to do so(124). It is now possible to isolate and characterize these
antibodies, even though they form a tiny minority of the total antibody response to Env in
any patient (125-127). Thus, through the cloning of antigen-specific Bcells or by PCR
amplification of genes encoding antibodies in plasmablasts obtained from infected patients,
it has been possible to characterize hundreds of new monoclonal antibodies that are

broadly cross-reactive in their specificities.
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In many cases, the exact positioning of the antibody on the Env protein is understood,
which explains often why these antibodies are neutralizing, whereas others that bind
nearby are not. Furthermore, a published report of an HIV-1- infected person who made
both BnAbs to the CD4-binding site and V2V3-conformational BnAbs has established proof

of the concept that it is possible to induce multiple types of BnAbs in the same person.

BnAbs are unusual antibodies in that they are transcribed from genes with considerable
somatic mutation, often containing more than 50 somatic mutations relative to the
sequence of their nearest germline ancestor. They are often polyreactive with non-HIV
antigens, and for some specificities, such as the V2V3 conformational epitope, they
frequently have extremely long VH CDR3 regions. When the germline-encoded ancestors of
the BnAbs to HIV-1 Env are derived, they often react only with low or undetectable affinity
with the HIV-1 envelope. Immune-tolerance mechanisms are responsible for much of the
control of the production of antibodies with the BnAb traits of polyreactivity, long VH CDR3
regions and extensive somatic hypermutations16. That last trait might explain why it takes
a long time (2-3 years) for such antibodies to appear and why they are more prevalent in

patients with high virus loads, in whom there might be a greater antigenic stimulus (124).

A recent review (128) reports that NAbs tend to increase in potency over time and broadly
cross neutralizing (BCN) responses, capable of recognizing heterologous HIV-1 variants,
develop in a subset of individuals after primary infection. The reasons why some
individuals develop BCN antibodies is unclear but is related to the duration of infection and
viral levels suggesting that years of persistent viral stimulation are necessary for their
generation. However, the finding that not all individuals develop BCN antibodies points to
the role of additional factors that could be viral or host or most likely interplay between the
two. There is some evidence that viral genetic subtype may also be important as the
breadth and potency of humoral responses is reported to be higher in subtype C and A than
in subtype B infections (129). A large number of studies published in the last few years
have described the presence of BCN antibodies in different cohorts. Although there is no
standard definition of breadth, all studies identified a proportion (_30%) of individuals
with BCN antibodies based on their ability to neutralize a significant number of

heterologous viruses usually of multiple genetic subtypes. In some cases, the specificities of
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the antibodies conferring breadth have been mapped and are reactive with conserved
envelope regions, as exemplified by well-characterized neutralizing MAbs IgG1b12 (anti-
CD4bs), 4E10 (carboxy-terminal MPER), 2F5 (amino-terminal MPER), and 2G12 (glycan
array on gp120 outer domain). As new NAb epitopes are discovered, mapping tools are
expanding to detect these specificities. Thus, PG9/16-like antibodies are frequently being
identified in BCN sera (Fig. ). However, not all the BCN activities have been accounted for,
suggesting that additional important neutralizing epitopes on the HIV-1 envelope

glycoprotein are yet to be discovered.

Intensive efforts are underway by many laboratories to isolate MAbs from these
individuals as this may lead to the identification of new sites on the HIV envelope that

could serve as targets for vaccine induced immune responses.

It has been proposed that BnAbs may naturally arise only in subjects with relatively
relaxed immune tolerance controls and that one way to induce such antibodies by a vaccine
is to design artificial immunogens that specifically stimulate ancestral and early-

intermediate antibodies of a BnAb clonal lineage (130).

The question of whether breadth is conferred by single or multiple specificities has in part
been addressed by some of these studies. Certainly, cases of multiple specificities have
been documented, but there is also evidence that single MAbs can account for the breadth
displayed by BCN plasma, most recently through the isolation of VRCO1, a highly potent
and broad anti-CD4bs mAb from an individual whose plasma neutralizing activity was
shown to have anti-CD4bs activity. On the other hand, a study by Nussensweig and
colleagues suggested that neutralization breadth is the result of multiple antibody
specificities, each one targeting a few viral variants. For vaccine design, it would likely be
considerably more challenging to induce multiple rather than single specificities because
different antigens and thus a more complex vaccine would be required to stimulate a

polyclonal response. (128)

Another important question is whether escape from BCN antibodies occurs as readily as it
does from autologous NAbs. There is less data on this but one might imagine that because

BCN antibodies target more conserved sites, escape would be more difficult to achieve.
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The development of neutralization breadth may include a requirement for extensive
somatic mutational diversification that may be impeded by the B cell dysfunction that
occurs in HIV-1 infection. A role for affinity maturation in the ontogeny of anti-HIV-1
neutralizing capacity is supported by Toran and coworkers, who showed that all anti-
gp120 Nabs in a long-term nonprogressor were clonally related with considerable somatic

hypermutation.

Furthermore, immunogenetic analysis of existing MAbs suggests that they have undergone
multiple rounds of affinity maturation to achieve BCN activity. These MAbs are
characterized by unusual physical features such as heavy chain domain-swapping,
sulphated tyrosines, long and hydrophobic CDRH3’s, and high levels of hypermutation
(131). Whether these events are required for antibodies to mediate cross-reactivity is not
known, and longitudinal studies of immunoglobulin genes among those individuals who
develop breadth are needed to understand how the immune system can generate such
antibodies. Vaccinations strategies will need to be revised to not only consider the
immunogen used, but to incorporate the required number of booster and/or antigen

exposures needed to reach the required level of antibody affinity.

VRCO1
The heavy chain of VRCO1 interacts with gp120 in a manner similar to CD4. A 43° rotation

coupled with a 6-A shift from the CD4-defined orientation focuses VRCO1l onto the
conformationally invariant site of initial CD4 attachment, allowing it to overcome the
masking that diminishes the neutralization potency of most CD4-binding-site antibodies.
To achieve this mode of recognition, VRCO1 contacts gp120 mainly through V-gene derived
regions substantially altered from their genomic precursors. Partial receptor mimicry and
extensive affinity maturation thus facilitate effective neutralization of HIV-1 by natural

human antibodies.

VRCO1 is not only broadly neutralizing but is also present in high titers in humans [131].
While potentially accessible, the CD4-binding site is protected from humoral recognition by

glycan and conformational masking (132).
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The interactive surface between VRC0O1 and gp120 encompasses almost 2500 A2, 1244 A2
contributed by VRCO1 and 1249 A2 by gp120 (131). On VRCO1, both heavy chain (894 A2)
and light chain (351 A2) contribute to the contact surface, with the central focus of binding
on the heavy chain second complementarity-determining region (CDR H2). Over half of the
interactive surface of VRCO1 (644 A2) involves CDR H2, a mode of binding reminiscent of
the interaction between gp120 and the CD4 receptor; CD4 is a member of the V-domain
class of the immunoglobulin superfamily (133), and the CDR2-like region of CD4 is a
central focus of gp120 binding (134). For CD4, the CDR2-like region forms antiparallel,
intermolecular hydrogen bonds with residues 365-368gp120 of the CD4-binding loop of
gpl20 (134); with VRCO1, one hydrogen-bond is observed between the carbonyl of
Gly54VRCO1 and the backbone nitrogen of Asp368gp120. This hydrogen-bond occurs at
the loop tip, an extra residue relative to CD4 is inserted in the strand, and the rest of the
potential hydrogen bonds are of poor geometry or distance. Other similarities and
differences with CD4 are found: of the two dominant CD4 residues (Phe43CD4 and
Arg59CD4) involved in interaction with gp120, VRCO1 mimics the arginine interaction, but
not the phenylalanine one. Significant correlation is observed between gp120 residues
involved in binding VRCO1 and CD4. Superposition of the gp120 core in its VRCO1-bound
form with gp120s in other crystalline lattices and bound by other ligands indicates a CD4-
bound structure (PDB ID 3JWD) (135) to be most closely related in structure, with a Ca-
root-mean-square deviation of 1.03 A. Such superposition of gp120s from CD4-bound and
VRCO1-bound conformations brings the N-terminal domain of CD4 and the heavy chain
variable domain of VRCO1 into close alignment, with 73% of the CD4 N terminal domain
volume overlapping with VRCO1 (131). This domain overlap is much higher than observed
with the heavy chains of other CD4-binding site antibodies, such as b12, b13 or F105. In its
complex with gp120, VRCO1 rotates 43° relative to the CD4-defined orientation, and
translates 6-A away from the bridging sheet, to a clash-free orientation that mimics many
of the interactions of CD4 with gp120, though with considerable variation. Analysis of
electrostatics shows that the interactive surfaces of VRC01 and CD4 are both quite basic,
though the residues types of contacting amino acids are distinct. Thus, while VRCO1 mimics

CD4 binding to some extent, considerable differences are observed.
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Figure 6: Structural mimicry of CD4 interaction by antibody VRCO01

VRCO1 shows how a double-headed antibody can mimic the interactions with HIV-1 gp120 of a single-headed member of the
immunoglobulin superfamily, such as CD4. (A) Comparison of HIV-1 gp120 binding to CD4 (N-terminal domain) and VRC01
(heavy chain—variable domain). Polypeptide chains are depicted in ribbon representation for (right) the VRCO1 complex and
(left) the CD4 complex with the lowest gp120 root mean square deviation. The CD4 complex (3JWD) (16) is indicated in
yellow for CD4 and red for gp120, except for the CDR-binding loop (purple). The VRCO1 complex is colored as in Fig. 1.
Immunoglobulin domains are composed of two b sheets, and the top sheet of both ligands is labeled with the standard
immunoglobulin strand topology (strands G, F, C, C’, C”). (B and C) Interface details for (B) CD4 and (C) VRCO1. Close-ups are
shown of critical interactions between the CD4-binding loop (purple) and the C” strand as well as between Asp368gp120 and
either Arg59CD4 or Arg71VRCO1. Hydrogen bonds with good geometry are depicted by blue dotted lines, and those with
poor geometry are depicted in gray. Atoms from which hydrogen bonds extend are depicted in stick representation and
colored blue for nitrogen and red for oxygen. In the left panel of (C), the b15-strand of gp120 is depicted to aid comparison
with (B), although because of the poor hydrogen-bond geometry, it is only a loop. (D) Comparison of VRCO1- and CD4-
binding orientations. Polypeptides are shown in ribbon representation, with gp120 colored the same as in (A) and VRCO01
depicted with heavy chain in dark yellow and light chain in dark gray. When the heavy chain of VRCO1 is superimposed onto
CD4 in the CD4-gp120 complex, the position assumed by the light chain evinces numerous clashes with gp120 (left). The
VRCO1-binding orientation (right) avoids clashes by adopting an orientation rotated by 43° and translated by 6 A.

Natural resistance to VRCO1
In addition to conformational masking and glycan shielding, HIV-1 resists neutralization by

antigenic variation. Variation was observed in the V5 region in resistant isolates, and this

variation - along with alterations in gp120 loop D - appeared to be the source of most
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natural resistance to VRCO1. Because substantial variation exists in V5, structural
differences in this region might be expected to result in greater than 10% resistance. The
lower observed frequency of resistance suggests that VRCO1 employs a recognition
mechanism that allows for binding despite V5 variation. Examination of VRCO1 interaction
with V5 shows that VRCO1 recognition of V5 is considerably different from that of CD4,
with Arg61VRCO1 in the CDR H2 penetrating into the cavity formed by the V5 and 24-
strands of gp120. Most importantly, the V5 loop fits into the gap between heavy and light
chains; thus by contacting only the more conserved residues at the loop base, VRCO1 can

tolerate variation in the tip of the V5 loop.

To understand the structural basis for the exceptional breadth and potency of VRC01, we
analyzed its interactive surface with gp120. VRCO1 focuses its binding onto the
conformationally invariant outer domain, which accounts for 87% of the contact-surface
area of VRCO1. The 13% of the contacts made with flexible inner domain and bridging
sheet are non-contiguous and are not critical for binding. In contrast, CD4 makes 33% of its
contacts with the bridging sheet, and many of these interactions are essential (134). The
reduction in inner domain and bridging sheet interactions by VRCO1 is accomplished
primarily by a 6-A translation relative to CD4 away from these regions; critical contacts
such as made by Phe43 CD4 to the nexus of the bridging sheet-outer domain are not found

in VRCO1, while those to the outer domain (e.g. Arg59CD4) are mimicked by VRCO1.

To determine the affinity of VRCO1 for gpl120 in CD4-bound and non-CD4-bound
conformations, we used surface-plasmon resonance spectroscopy to measure the affinity of
VRCO1 and other gp120-reactive antibodies and ligands to two gp120s: a [34-deletion
developed by Harrison and colleagues that is restrained from assuming the CD4-bound
conformation (136) or a disulfide-stabilized gp120 core, largely fixed in the CD4-bound
conformation in the absence of CD4 itself (134, 131). VRCO1 showed high affinity to both
CD4-bound and non CD4-bound conformations, a property shared by the broadly
neutralizing b12 antibody (21-22). By contrast, antibodies F105 and 17b as well as soluble
CD4 showed strong preference for only one, but not both, of the conformations. Thus,
VRCO1 interacts with the conformationally invariant outer domain in a manner that

enables recognition of both CD4-bound and non-CD4-bound conformations of gp120.
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Precise targeting by VRCO1
Prior analysis of effective and ineffective CD4-binding-site antibodies suggested that

precise targeting to the initial site of CD4 attachment is required to block viral entry (137).
The initial site of CD4 attachment is a subset of the CD4-binding site that involves the

conformationally invariant outer domain (138).

Contacts by the VRCO1 light chain (Tyr28VRCO1 and Ser30VRCO01) are made with the
protein-proximal N-acetyl-glucosamine from the N-linked glycan at residue 276gp120
(131). Thus, instead of being occluded by glycan shielding, VRC01 makes use of a glycan for
binding. Other potential glycan interactions may occur with different strains of HIV-1
gp120, as the VRCO1 recognition surface on the gp120-outer domain extends further than
that of the functionally constrained CD4-interactive surface, especially into the loop D and

the often-glycosylated V5 region.
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Figure 7: Comparison of coverage of the site of vulnerability

The site of vulnerability is the contact site for receptor CD4 on the outer domain of gp120. CD4-binding-site directed
antibodies target this general area, however, most of them do not neutralize potently. When the site of vulnerability (semi-
transparent yellow with solid yellow borderline) is superimposed over the antibody epitopes on gp120 surfaces (red), the
degrees of overlapping differ. VRCO1(green) hits the “bull’s-eye” while b12 (cyan), b13 (purple) and F105 (blue) miss portions
of the target with epitope straying away to other conformationally variable areas on gp120.
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Figure 8: VRCO1 targeting

VRCO1 precisely targets the CD4-defined site of vulnerability on HIV-1 gp120. Its binding surface, however, extends outside
of the target site, and this allows for natural resistance to VRCO1 neutralization. (A) VRCO1 recognition and target site of
vulnerability. The CD4 define site of vulnerability is the initial contact surface of the outer domain of gp120 for CD4 and
comprises only 2/3 of the contact surface of gp120 for CD4 (22) the interactive footprint of VRCO1 shown in green and the
CD4-defined site of vulnerability outlined in yellow. (B) Antigenic variation. The polypeptide backbone of gp120 is colored
according to sequence conservation, blue if conservation is high and red if conservation is low. (C) VRCO1-resistant HIV-1
isolates. The 17 isolates of HIV-1 that resist VRCO1 neutralization are displayed in ribbon and stick representation after
threading onto the structure of gp120 in the VRCO1-bound conformation. Side chains that clashed with VRCO1 are
highlighted in red. (D) Molecular surface of VRCO1 and select interactive loops of gp120. Variation at the tip of the V5 loop is
accommodated by a gap between heavy and light chains of VRCO1.
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REVIEW OF LITERATURE

AIDS vaccine: lessons learned, priorities and directions

The earliest phase I vaccine trials against HIV included recombinant envelope products,
gp120 or gpl160, formulated in various adjuvants. Live recombinant vectors such as
vaccinia and canary pox and nucleic acid-based vaccines have also been tested, usually
including gene inserts expressing the Env glycoprotein. Recombinant protein vaccines used
alone, or as a boost to vaccine vectors, generally elicited high titers of anti-Env antibodies.
Initial immunogenicity studies showed that vaccine-elicited antibodies could neutralize
HIV-1 in vitro, but it was soon realized that the viral neutralization was limited to
prototype laboratory-adapted HIV-1 strains and did not extend to primary HIV-1 isolates
(139). These neutralization data generated considerable debate regarding the rationale for

efficacy testing of protein-based vaccines.

Despite this uncertainty, two phase Il gp120 vaccine trials were conducted, each with a
bivalent formulation of two strains of gp120 formulated in Alum. The VAX004 and VAX003
studies were initiated in 1998 and 1999, respectively, and the results reported in 2003.
These gp120 vaccines showed no significant impact on acquisition of HIV-1 infection and
had no impact on plasma viremia or peripheral CD4p T-cell counts (140; 141). The failure
of these gp120 vaccines was generally viewed as evidence that a successful vaccine would

need to induce more potent NAbs that can neutralize circulating strains of HIV-1.

The RV144 study included priming immunizations with an avipox vector (ALVAC) and
boosting with the same bivalent gp120s used in the VAX003 study. The results of this
study, released in 2009, showed that volunteers in the vaccine arm of the study acquired
31% fewer HIV-1 infections than those in the placebo arm (142). This modest efficacy,
although not deemed adequate for licensure, was the first indication that a vaccine could
protect against HIV-1 infection. The immunologic data from the RV144 vaccine trial are still
being analyzed. Immune correlates analysis will include a set of in vitro antibody assays,
including traditional virus neutralization, and assays of antibody binding, ADCC, and

additional measures of Fc-mediated antibody effector functions.
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The RV144 trial is not without its critics. The vaccine assessed in this trial did not stimulate
broadly neutralizing antibodies (BnAbs) able to neutralize a broad range of transmitted or
founder virus isolates8, generally regarded as the sine qua non of an HIV-1 vaccine, nor did
it stimulate measurable responses by CD8+ cytolytic T cells4,5. Instead, the ALVAC-
HIV/AIDSVAX B/E vaccine induced CD4+ T cell and antibody- dependent cell-mediated
cytotoxicity responses and induced only neutralizing antibodies to the easy-to neutralize
(tier 1) HIV-1 strains8. Haynes, Kim and colleagues9 coordinated a detailed attack on this
problem by comparing a range of immune parameters in 41 vaccinated participants who
became infected and 205 vaccinated subjects who did not become infected. Using robust
assays, they found two strong correlates with infection risk. One was the plasma
concentration of immunoglobulin G (IgG) antibody specific for the V1V2 loop region of
envelope gp120, which was inversely correlated with infection risk. The other was high
plasma concentrations of IgA antibody to HIV-1 Env, which were directly correlated with
acquisition of infection. These findings have generated the following two hypotheses: that
high concentrations of plasma antibodies specific for V1V2 are involved in protection
against acquisition of HIV-1; and that high plasma concentrations of IgA to Env mitigate the
effects of protective antibodies9. Many laboratories are now working to determine if those
two correlates of risk in the RV144 trial are related mechanistically to the degree of
protection noted in the trial or whether they are only surrogate markers for other factors.
For example, if the types of V1V2-specific antibodies induced by the ALVAC-HIV/AIDSVAX
B/E vaccine can be shown, after passive infusion into rhesus macaques, to protect against
challenge with chimeric SHIV (simian immunodeficiency virus (SIV) with an HIV-1
envelope), then vaccines could be designed to induce V1V2- specific antibodies at
concentrations higher than those seen in the RV144 trial. The ALVAC-HIV/AIDSVAX B/E
vaccine simply decreased the chance of acquisition marginally; increasing the average
number of exposures needed for infection and, in doing so, delayed infection. In this setting,
a small vaccine-efficacy effect would show up in a low-risk cohort monitored very closely
over time, but it might not show up in a high-risk sexual-transmission cohort or in high-risk
intravenous drug users. Post-hoc analysis of the vaccine-efficacy study of the VAX004
AIDSVAX B/B gp120 vaccine, which failed to protect Thai intravenous drug users against
HIV infection, suggests that vaccine induced neutralizing antibody, CD4-blocking antibody
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and antibody-dependent cellular viral inhibition were associated with lower rates of

infection in vaccines (143).

Fortunately, there have also been exciting advances in the understanding of both BnAbs
specific for HIV-1 and T cell immunity. HIV-1-specific monoclonal antibodies (MAbs) have
been exceptionally useful reagents for characterizing neutralization-sensitive targets on
the HIV-1 envelope glycoproteins and for revealing the structural dimensions of this

complex heterotrimer.

One of the first MAbs to be extensively used for this purpose was IgG1b12, which was
isolated in 1994 and targets the CD4 binding site (CD4bs). The CD4bs represents one of the
most attractive targets for vaccine-induced immune responses because it is a highly
conserved site present on all HIV-1 genetic subtypes as a result of the absolute requirement

for engaging the CD4 molecule to gain entry into human cells.

Recently, VRCO1, which is a considerably more potent anti-CD4bs MADb, has provided
additional insights into the nature of this epitope (131). A cluster of new antibodies have
helped to define a highly structural epitope present only on the trimeric envelope that
includes conserved regions of both V2 and V3. The first identified MAb directed to this
target, MAb 2090, was type-specific and neutralized only SF162 because this isolate carries
an unusual lysine at position 160 in V2. PG9/16 isolated from a subtype A chronically
infected individuals with exceptional plasma neutralization breadth binds the more

common N160 variant and are hence more broadly cross-reactive (144).

The 2G12 MAb, which was isolated in 1996 (145), focused attention on glycans. The recent
discovery of new MAbs that target the glycan at position 332 and compete with 2G12, but
display more breadth and potency than 2G12, suggests that interest in this potential target
is likely to increase (146). MAbs against the gp41 and the MPER have also recently been
described and all define new epitopes in this region (147; 148).
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Figure 9: Certain antibody or antibody combinations are able to cover a broad range of HIV isolates at low, vaccine-
achievable concentrations. a. Cumulative frequency distrubution of IC50 values of broadly neutralizing monoclonal
antibodies tested against a 162-virus panel. The y-axis shows the cumulative frequency of IC50 values up to the
concentration shown on the x-axis and can therefore also be interpreted as the breadth a specific 1IC50 cutoff. b, c,
Percentage of viruses covered by single monoclonal antibodies (solid lines) or by at least one of the monoclonal antibodies in
dual combinations of breadth (dashed black lines) dependent on individual concentrations. The grey area in both panels in
the coverage of 26 monoclonal antibodies antibodies tested on the 162-virus panel (PGT121-123, PGT125-128, PGT130-131,
PGT135-137, PGT141-145, PG-9, PG16, PGC14, VRCO1, PGV04, b12, 2G12, 4E10, 2F5) and depicts the theoritical maximal
achievable coverage known to date.

In summary, human efficacy trials indicate that vaccine-elicited protection against HIV-1
infection is achievable, but the specific antibody responses that may contribute to
protection have not been elucidated. Despite these limitations in our knowledge of immune
correlates, the modest 31% protection observed in the RV144 study suggests much room
for improvement. One means of achieving improved vaccine efficacy may be through the

elicitation of more potent and cross-reactive NAbs.
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METHODOLOGY

DATABASES AND TOOLS
1. Protein Databank (PDB)( http://www.rcsb.org/pdb/home/home.do)

The RCSB Protein Data Bank (RCSB PDB) (http://www.pdb.org) is a member of the
Worldwide Protein Data Bank (http://www.wwpdb.org). The wwPDB partners RCSB PDB
(USA), PDBe (Europe, http://pdbe.org) (3), PDBj (Japan, http://www.pdbj.org) and BMRB
(USA, http://www.bmrb.wisc.edu) act as data deposition, processing and distribution
centers for PDB data. The PDB archive is the single world-wide repository of
experimentally determined structures of proteins, nucleic acids, and complex biomolecular
assemblies that is curated and annotated following standards set by the wwPDB. Each
wwPDB partner offers unique views, query, analysis and visualization tools, and web
services for the PDB archive on their respective web sites and databases. The RCSB PDB
web site has undergone significant changes to improve usability, provide new query and
analysis features, integrate additional external resources and enable user customization of
the resource. The RCSB PDB web site caters to a wide variety of ‘customers’ from education
(K-12, undergraduate, graduate), to academic and industrial researchers, to programmers
and web developers. The redesigned web site supports the disparate requirements of this
diverse user base. Major new or expanded features include new query and analysis tools,
options to customize the web site, structural comparison of representative protein chains
in the PDB, integration with literature from PubMed Central
(http://www.ncbi.nlm.nih.gov/pmc) and binding affinity data from BindingDB

(http://www.bindingdb.org). For web developers, new RESTful web services and web

widgets have enabled the integration of RCSB PDB services and data into other web

resources.

A detailed description how to use these widgets is also available. The RCSB PDB web site
continues to take advantage of new scientific understanding and new technological
developments. The powerful new Chemical Structure Search interface supports simple

molecular weight, formula, substructure or similarity searches and complex SMARTS
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queries. Faceted navigation significantly improves browsing query results with hierarchical
navigation and the ability to refine a query iteratively based on new information gained
during the search. Both the Chemical Structure Search and the new faceted search interface
are tightly integrated with the ‘Advanced Search’ system to provide multiple paths for
query refinement. The results of the queries can be tabulated, sorted, filtered and exported
to enable large-scale data analysis. New sequence and structure analysis tools have been
implemented. New Java versions of the FATCAT and CE algorithms for structural
superposition have been made available for pair-wise alignments. In addition, all
representative protein chains in the PDB have been structurally aligned. These pre-
calculated alignments are updated weekly. Novel structures or new folds can be readily
identified, as well as unexpected similarities between proteins of low-sequence identity.
This information may be used to find evolutionary relationships or deduce previously
unknown functions of proteins. PDB entries are now tightly integrated with the open-
access literature that uses or cites the entries. The ‘Literature View' of the RCSB PDB
provides new ways to search and analyze the data. Data exchange and bi-directional links

with BindingDB enable correlation of structure with binding affinity data.

The ‘What’s New’ page
(http://www.pdb.org/pdb/static.do?p=general_information/whats_new.jsp) lists detailed
summaries of the latest and past improvements. The addition of these new features and
improvements represents a new generation of the RCSB PDB web site. It allows more
complex analysis to be performed and provides systematic comparisons across all of the

PDB with the goal to further scientific discovery and education. [144]

2. Rosetta Multigraft Match (http://www.rosettacommons.org/)

The matching algorithm was developed to select scaffolds suitable for transplantation of
structural motifs, based on structural compatibility with a given motif and on their
predicted ability to interact with a desired binding partner. The starting input for
Multigraft Match is the set of atomic coordinates of the motif in complex with the desired
binding partner (or if no partner is available, coordinates of the motif alone can be used).

The matching of a multi-segment motif is summarized in the following stages: I) Primary
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Loop Matching; II) Secondary Loop Matching; III) Binding Partner Clash check. The
algorithm allows the identification of protein scaffolds for single or multi-segment

structural motifs.

Primary loop matching: Each backbone segment of the complex motif is considered as the

Primary loop. The Primary loop is excised from the remaining segments of the input motif
and then aligned on every residue of all the scaffolds contained in a culled PDB to identify

potential sites where it can be transplanted.

Different types of alignment systems like superposition alignment, N2C alignment, C2N
alignment and E alignment systems are used. From the four alignment systems, only
superposition evaluates the local similarity of the existing backbone comprehensively. The
C-terminus and N-terminus alignments are conceptually identical, differing only by which

terminus of the Primary Loop is aligned onto the scaffold.

The C2N and N2C alignments are further divided into different subsets: N centered
(C2ZN_N), C centered (N2C_C), Ca centered depending on which atom is used for aligning
primary loop to the residues on the scaffold. The End-point alignment superimposes the
three backbone atoms (N, Ca, C) of both Primary loop termini onto the corresponding

atoms of residue pairs on the query scaffold.

Two different types of filters are used for selecting the potential matches: geometric and

steric clash

The geometric filter for the superposition alignment evaluates the backbone root mean
square deviation (rmsd) of the Primary Loop relative to a segment in the scaffold. In the
other three alignment types (C2N, N2C, E) the geometric filter evaluates the rmsd between
the termini of the Primary loop and proximal scaffold residues to yield a chain-break score.
The steric-clash filter ensures that the particular alignment of the Primary loop on the
scaffold does not clash with other backbone regions of the scaffold (“intra-clash”). Matches
will be carried forward if both filters are satisfied within user defined thresholds. Typically,
the matching procedure is carried out with successively looser thresholds for geometrical

and steric filters, to ensure that all promising matches are identified efficiently.
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Secondary loop matching: After satisfying the Primary loop matching filters, the remaining

segments of the input complex motif are tested as Secondary loop matches. Secondary loop
matches are tested as End-point matches. Each candidate secondary loop segment is
recovered in the context of the scaffold while retaining the original orientation relative to
the Primary loop. The Secondary loop alignment has to satisfy both the geometric and
steric clash filters. In practice the user-defined filter thresholds are typically less stringent
for secondary matches. If both filter criteria are satisfied, the match proceeds to the next

stage.

Clash check: In the final stage of the matching protocol the orientation of the input complex
is recapitulated between the binding partner and a “hybrid” scaffold structure composed of
the scaffold with the input motif in the match-derived orientation. The theoretical binding
energy of the complex is computed and matches with considerable steric clashes across the

interface (“inter-clash”) are discarded.

3. Rosetta Multigraft Design(http://www.rosettacommons.org/)

Multigraft Design was implemented to handle the Multigraft Match output automatically, to
keep track of the mapping between the matched motif residues and the scaffold. It is
composed of several stages I) Match reconstitution; II) Build connecting segments by

fragment insertion; III) Sequence design; IV) Filtering; V) Human-guided design.

In the first stage of match reconstitution, a hybrid structure of scaffold with the input motif
in the matched rigid body orientation is assembled. These hybrid structures will have one
or more discontinuities where the backbone of the scaffold and the epitope are
disconnected. To close the gaps, linkers are added as per the user defined parameters. This
is done by a backbone building algorithm that performed fragment insertion and Cyclic
Coordinates Descent Steps. The length of the linkers and the secondary structure of the
linkers to be built are user specified. The backbone conformations satisfying the chain
break thresholds are processed further. In the sequence design stage, the newly built

linkers are further optimized by sequence modifications followed by multiple rounds of
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side chain and backbone minimization. At the interface between the antibody and regions
of the scaffold outside the transplanted epitope, the scaffold residues are mutated to
eliminate any potential steric clashes or nonspecific interactions - the default allowed
residues at these positions are A, G, S, and T. All the steps in this stage are carried out using
a full-atom energy function for accurate energetic assessment. The filtering stage ranks and
selects the designs with lower Rosetta energy; it removes the designs with structural flaws.
Lastly, the human guided design stage inspects and rectifies the aspects that were not
considered in the automated stage like to remove unpaired cysteines, functional sites,
oligomerization interfaces and also to mutate solvent exposed hydrophobic residues to

enhance the protein solubility.

4. Pymol(http://www.pymol.org/)

PyMOL is an open-source, user-sponsored, molecular visualization system created by
Warren Lyford DeLano and commercialized by DeLano Scientific LLC, which is a private
software company dedicated to creating useful tools that become universally accessible to
scientific and educational communities. It can produce high quality 3D images of small
molecules and biological macromolecules, such as proteins. According to the author, almost
a quarter of all published images of 3D protein structures in the scientific literature were

made using PyMOL.

PyMOL is one of a few open source visualization tools available for use in structural
biology. The Py portion of the software's name refers to the fact that it extends, and is

extensible by the Python programming language.

It can be run interactively (using menu-driven commands and options) or via input
scripts/macros, but most efficiently by a combination of both approaches. It can run on

Linux, Windows and OSX.

5. Computational Alanine Scanning

Server(http://robetta.bakerlab.org/alascansubmit.jsp)

Experimental —alanine-scanning mutagenesis is a powerful method for analyzing

important interactions in protein-protein interfaces. Alanine scanning measures the effect
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of the deletion of an amino acid side chain beyond the C(3 carbon atom on the affinity of a
protein-protein complex. Individual substitutions of many amino acids with alanine yield a

map of which interactions are critical in an interface and which ones are not.

Clackson and Wells called these energetically important residues —hot spots in their
pioneering work on the binding of human growth hormone to its receptor, where only a

small fraction of interface residues account

for the majority of the binding energy. Subsequent studies suggested that the presence of
binding energy hot spots comprising only a fraction of the complete interface area is a

general property of most protein-protein complexes.

Computational alanine scanning uses a simple free energy function to calculate the effects
of alanine mutationson the binding free energy of a protein-protein complex. The function
consists of a linear combination of a Lennard-Jones potential to describe atomic packing
interactions, an implicit solvation model, an orientation-dependent hydrogen-bonding
potential derived from high-resolution protein structures, statistical terms approximating
the backbone-dependent amino acid-type and rotamer probabilities, and an estimate of

unfolded reference state energies

If computational alanine scanning is applied to a complex structure without existing
experimental data, the algorithm automatically identifies all interface residues in a protein-
protein interface. An interface residue is defined as (i) a residue that has at least one atom
within a sphere with a 4 A radius of an atom belonging to the other partner in the protein
complex, or (ii) a residue that becomes significantly buried upon complex formation, as
measured by an increase in the number of CB atoms within a sphere with a radius of 8 A
around the CB atom of the residue of interest. The program then replaces each of the
interface residues individually with alanine residues, and computes the effect of this

mutation on the binding free energy of the complex.

Hot-spot residues can be defined operationally as those for which alanine mutations have
destabilizing effects on AAGbind of more than 1 kcal/mol. For a comparison with

experimental data, a correctly identified hot spot means a residue with a predicted and
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observed AAGbind value of greater than or equal to 1 kcal/mol, and a correctly identified

neutral residue has both predicted and observed AAGbind values of less than 1 kcal/mol.

Several assumptions are made in implementation of computational alanine scanning that

affect the applicability of the method and the interpretation of the results.

First, the terms in the energy function are pairwise additive. This simplification is
necessary for a fast computational evaluation of residue-residue energies used in protein
design methods. Because of this approximation, coupling effects between different
mutations cannot be taken into account, and multiple mutations are always assumed to be
additive. Thus, experimental data on non additivity effects observed in double-mutant
cycles cannot be reproduced by these methods. For the same reason, indirect effects on the
binding energy exerted by residues not making direct interactions in the interface are

generally not captured.

Second, the isolated partners in the protein-protein complex have the same bound and
unbound conformations during the calculations; it is assumed that there are no
conformational changes upon binding. Consequently, intramolecular interactions are
equivalent in the isolated complex partners and in the complex, and their contribution
cancels out in the calculation of the binding energy. The only exceptions are electrostatic
interactions that are considered to be dependent on their environment. For example, an
intramolecular hydrogen bond can become more buried in the complex than in the
monomer, and is therefore predicted to be stronger, according to the environment-
dependent energy function. Thus, if one of the side chains participating in the hydrogen
bond is mutated to alanine, there will be a net destabilizing effect on the binding free
energy even if the hydrogen bonding interaction is not intermolecular. For the same
reason, residues not directly participating in contacts across the interface can affect the

binding free energy by changing the environment of hydrogen-bonding interactions.

Third, all structures are viewed as static; possible changes in side-chain and backbone
mobility of the interacting proteins are not taken into account. Ignoring these effects can

lead to errors, especially where disordered regions become ordered upon binding [some
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protein parts may also become more flexible upon binding]. The entropy gains and losses

associated with these effects can significantly affect the binding free energy.

Fourth, cofactors, metal ions, hydrogen-bonding water molecules bridging side-chains in
the protein interface, or other nonpeptide ligands or binding partners (such as nucleic
acids) are not taken into account. This approximation will lead to an underestimation of the

energetic effects of mutating residues contacting these nonpeptide ligands.

Fifth, symmetry in a protein-protein complex is not taken into account. During
computational alanine scanning, only one residue at a time is considered. Therefore, in a
symmetrical interface with one mutated position, the corresponding residue on the other
partner in a dimer is modeled as wild type. However, because of the assumption of
additivity, the single mutations of corresponding residues can be added to a first

approximation.

6. Protein Interaction Calculator Server (http: ic.mbu.iisc.ernet.in

PIC (Protein Interactions Calculator) is a web based service to aid recognition and analyses
of various kinds of interactions in tertiary structures of proteins and structures of protein-
protein complexes. Solvent accessibility calculations have also been integrated in PIC to aid
recognition of interacting motifs that are exposed or buried. Further, the residue depth
calculations are also made possible in PIC so that interactions deep inside the protein
structure or near the surface can be recognized. Advantage of using residue depth
parameter is that it can distinguish residues with no solvent accessible surface area in

terms of how deep they are from the protein surface.

PIC server accepts atomic coordinate set of a protein structure in the standard Protein Data
Bank (PDB) format. The user is prompted with selecting one or more of the following
interaction types: Interaction between apolar residues, disulphide bridges, hydrogen bond
between main chain atoms, hydrogen bond between main chain and sidechain atoms,
hydrogen bond between two sidechain atoms, interaction between oppositely charged

amino acids (ionic interactions), aromatic-aromatic interactions, aromatic-sulphur
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interactions and cation-p interactions. The input coordinate set is accepted, under each
section of the page, for recognition of interactions within a polypeptide chain. If an
ensemble of NMRderived structures is input then the first model in the file is taken as a
representative and is used by the PIC server. The output corresponds to the list of residues
involved in interaction type of interest. An option is provided, using RasMol interface and
Jmol interface, for enabling visualization of structure in the graphics with interactions
highlighted. It is possible to get the results by e-mail. It is also possible to download the
output files of the original programs. Solvent accessibility calculations could be used to
identify different kinds of interactions between buried or between solvent exposed
residues. Solvent accessibility calculations are performed using NACCESS program
(Hubbard, S.J. and Thornton, J.M., 1993, NACCESS Computer Program, Department of
Biochemistry and Molecular Biology, University College London.). The exposed and buried
residues are identified by >7% and <=7% residue accessibility, respectively. Under this
facility list of all the interaction types are displayed prompting the user to select list of

interaction types of interest.

Depth of an atom in a protein is defined as the distance from the nearest atom in the
surface of the protein structure. Mean depths of atoms of a residue defines the residue
depth. Analogous to the panel on solvent accessibility, panel on residue depth enables the
users to identify specific types of interactions near the protein surface or deep inside the
core of the structure. Those residues with depths <=5A" are considered as close to the
protein surface and others as deep inside. Using this part of the PIC server it is possible to
identify interactions between, say, aromatic residues near the protein structural surface. As
calculation of residue depths takes a few minutes for most protein structures, results
involving depth calculation are sent by e-mail to the user if a valid e-mail address is

provided.

Criteria used by PIC webserver for recognizing various types of interactions

1. HYDROPHOBIC INTERACTIONS:

The following residues are considered to participate in interactions if they fall within 5A
range.
ALA, VAL, LEU, ILE, MET, PHE, TRP, PRO, TYR.
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Reference: Kyte and Doolittle.

2. DISULPHIDE BRIDGES:
Pairs of cysteines (sulphur atoms) within 2.2 A are considered as disulphide bridges.

3. HYDROGEN BOND :

Criteria for hydrogen bond definition :

donor acceptor distance cutoff (oxygen and nitrogen) = 3.50
donoracceptor distance cutoff (sulphur) = 4.00

Reference: J. Overington, et al. Proc. Roy. Soc. Biol Sci. 1990, pg.132145

4. IONIC INTERACTIONS:
lIonic residue (ARG,LYS,HIS,ASP,GLU) pairs falling with 6A (default) contribute to ionic
interactions.

5. AROMATIC-AROMATIC INTERACTIONS:

Pairs of phenyl ring centroids that are seperated by a preferential distance of between 4.5
to 7 A accounts for aromatic interactions.

Reference: S.K.Burley, G.A.Petsko, Science, 1985, Vol 299, pg.2328.

6. AROMATIC-SULPHUR INTERACTIONS:

Interactions between the sulphur atoms of cysteine and methionine and the aromatic rings
of phenylalanine, tyrosine and tryptophan within 5.3 A account for aromatic sulphur
interactions.

Reference: K.S.C Reid, P.F.Lindley and ].M. Thornton, FEBS letter 1985, Vol.190, pg.209213.

7. CATION PI INTERACTIONS:

When a cationic side chain (Lys or Arg) is near an aromatic side chain (Phe, Tyr, or Trp)
within 6 A separation they account for cation pi interactions.

Reference: R.Satyapriya and Saraswathi Vishveshwara, Nucleic Acid Research , 2004, Vol 32,
pg.41094118.

8. SOLVENT ACCESSIBILITY:

To calculate the total accessible surface area of a protein NACCESS program is used.
Residues that have a total relative accessibility value greater than 7 are considered as
exposed.

Residues that has a total relative accessibility value less than or equal to 7 are considered
as buried.

Reference: S.J. Hubbard, & ].M. Thornton, 'NACCESS'. 1993. (VERSION 2.1.1).

9. DEPTH CALCULATION:
Atoms near surface are recognised with residue depth value less than or equal to 5.
Reference: Suvobrata Chakravarty and Raghavan Varadarajan, Structure, 1999, Vol 7,

Pg.723-732.
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7. CEP (http://pic.mbu.iisc.ernet.in/)

CEP server provides a web interface to the conformational epitope prediction algorithm
developed in-house. The algorithm, apart from predicting conformational epitopes, also
predicts antigenic determinants and sequential epitopes. The epitopes are predicted using
3D structure data of protein antigens, which can be visualized graphically. The algorithm
employs structure-based Bioinformatics approach and solvent accessibility of amino acids
in an explicit manner. Accuracy of the algorithm was found to be 75% when evaluated

using X-ray crystal structures of Ag-Ab complexes available in the PDB.

The CEP is implemented on Apache server with Linux 9.2 as an operating system. The web
interface is designed using CGI Perl and JAVA scripts. The visualization package, Jmol,

which is an open source software suite (http://jmol.sourceforge.net/), has been plugged in

to facilitate visualization of the predicted conformational and sequential epitopes. Results

are displayed in html format.
CEP server requires the 3D coordinate data in PDB format.
Output is generated in html format. Predicted AD and CE are listed as separate tables.

AD number is followed by the chain ID and amino acid sequence of predicted AD along with
the start and end positions. The residues that satisfy the percentage accessibility criterion
are shown in uppercase, whereas those that do not satisfy this criterion are shown in
lowercase. They are part of AD as they fulfil the criteria for extension (see Algorithm). The
reference AD for every CE is shown in green and individual residues that are part of CE and
SE are also listed. The predicted AD, CE and SE can be visualized by clicking the respective
radio buttons. The experimentally characterized BS for the evaluation dataset can be

visualized by clicking the BS radio button.
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Example output:

i Predicted ce
prec’ICted AD CE No AD within 6A of Refe nce AD Res within 6A of Ref AD
AD No. Antigenic Determinant v 125: R
1_ ¥ |Y_1-KVfGRCE-7 1 ¥ 37 NBMtQaTNENTDG 4 ize. &
- _- Y_65: NDGRtPGSRalc I‘TchSA.LLSSDITA 90 V 129: L
2_ ¥ |¥_13-KRHGIDNyRGyS-24 :
3_ Y Y_37-NfNtQaTNRNTDG-49 8 Y_112 RNR-:KGIDVQA N
Y_65 NDORTD GORAL AP S AILSSDITA 90 [vag6: L
4_ ¥ |Y_65-NDGRtPGSRNLCNIPCSAILSSDITA-90 00 Dt 0
S_ Y |Y_100-SDGN-103 ; ~
6_ Y Y_112-RNRCKGTDvQA-122 ¥_1: KVSGRCE 7 opa: W

"]

Y_13: KRHGIDNyRGyS 24 b
Y_37 meQ.ﬂ‘N’RNTD 49

Y_13: KRHGIDNyRGyS 24 v

Y_13: KRHGIDNyRGyS 24 v_109: v

Binding Site:1FDL

© Select BS

Select CE

« CE:z

c CE:2

c CcE:3

c CcE:4

@ CE:5 (CE<=>BS)

The CEP algorithm has been evaluated using a curated dataset consisting of 21 co-crystal
complexes available in PDB. In the process of evaluation, it was observed that the algorithm
predicts relatively larger binding sites for a few antigens, which may appear as false-
positive predictions. An explanation for this can be drawn from the analyses of structures
of antigens with multiple antibodies, such as lysozyme and neuraminidase. Complexes of
lysozyme with various Abs have shown that the Abs of lysozyme have overlapping binding

sites.

Furthermore, it has also been shown that the same residue of an antigen may be a part of
different epitopes and interact in a unique manner with respective paratopes. Thus, the
residues that may appear ‘additional’ in the predicted CE need not be referred to as false
positives, since the algorithm predicts all possible binding sites of the given antigens.
Hence, the predicted CE/Ag-binding site is the sum of the binding sites of the individual

antibodies.

Visualization and mapping of the predicted ADs and CEs on a given 3D structure enhances
utility of the server. It must be mentioned that the usability of this server is limited by the

availability of the 3D structure data of protein antigens.

8. Discotope (http://www.cbs.dtu.dk/services/DiscoTope/)

DiscoTope uses a combination of amino acid statistics, spatial information and surface

exposure. It is trained on a compiled data set of discontinuous epitopes from 76 X-ray
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structures of antibody/antigen protein complexes. Prediction of B-cell epitopes may help to
identify epitopes in proteins that have been analyzed using experimental techniques based
on antibody affinity binding, e.g, Western blotting, immunohistochemistry,
radioimmunoassay (RIA), and enzyme-linked immunosorbent assay (ELISA). Combination
methods using a number of propensity scales have been used for B-cell epitopes for more
than 15 years (Pellequer et al. 1991); however, DiscoTope is the first reported method
combining a propensity scale with three-dimensional structural information, such as

spatial proximity.

DiscoTope detects 15.5% of residues located in discontinuous epitopes with a specificity of
95%. At this level of specificity, the conventional Parker hydrophilicity scale for predicting

linear B-cell epitopes identifies only 11.0% of residues located in discontinuous epitopes.

In order to use the server for prediction of Bcell epitopes, any of the following three ways

of submission can be performed:

1. Write a PDB entry name and chain id(s) into the corresponding windows.

2. Specify a file from your local disk containing a list of existing PDB entries with
specified chain IDs, one per line, in the format 'entryname_chain' e.g. 1zz6_B

3. Specify a file from a local disk, in PDB format, and chain id(s).

Discotope also allows the selection of threshold score for epitope identification.

Different thresholds for the DiscoTope score can be translated into sensitivity/specificity
values. In a benchmark containing more than 75 antigen/antibody complexes, the
following relations were found:

Score Sensitivity Specificity

>-3.1 0.16 0.95
>-4.7 0.24 0.90
>-6.0 0.32 0.85
>-6.9 0.40 0.80
>-7.7 0.47 0.75

A specificity of 0.75 would mean that 25% of the nonepitope residues were predicted as
part of epitopes.

A sensitivity of 0.47 would mean that 47% of the epitope residues were predicted as part of
epitopes.
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The output consists of eight columns namely chain id, residue number, amino acid name,
contact number, propensity score, discotope score and <=B. Identified B cell epitope

Example output:

DiscoTope predictions for '1zz6'.
Looking only at Chain: A
Contact Distance = 10.000 Angstroms
Threshold =-7.700

A 6 THR 16 -5.334 -13.334
A 7 ALA 25 -9.276 -21.776
A 8 SER 22 -7.223 -18.223
A 9 THR 19 -6.091 -15.591
A 10 GLY 16 -6.217 -14.217
A 11 PHE 27 -8.426 -21.926
A 12 ALA 25 -7.100 -19.600
A 13 GLU 18 -5.335 -14.335
A 14 LEU 18 -4.040 -13.040
A 15 LEU 24 -5.943 -17.943
A 16 LYS 20 -2.846 -12.846
A 17 ASP 14 -0.583 -7.583 <=B
A 18 ARG 20 -1.241 -11.241
A 19 ARG 21 -2.802 -13.302
A 20 GLU 14 0.918 -6.082 <=B

9. SEPPA(http://lifecenter.sgst.cn/seppa/)

In recent years, a lot of efforts have been made in conformational epitope prediction as
antigen proteins usually bind antibodies with an assembly of sequentially discontinuous
and structurally compact surface residues. In the method of SEPPA, a concept of ‘unit patch
of residue triangle’ was introduced to better describe the local spatial context in protein
surface. Besides that, SEPPA incorporated clustering coefficient to describe the spatial

compactness of surface residues.

SEPPA was rigorously trained by 82 antigen-antibody protein complexes, which contained
84 unique epitopes. One hundred and nineteen independent spatial epitopes of protein
antigens were collected as testing dataset. Only those with resolution better than 3.0 A and
protein antigen length with more than 25 residues were used. Redundant epitopes were
removed by 60% similarity. The testing data were collected from the training dataset of
DiscoTope, databases of IEDB and Epitome. A testing dataset of 119 antigens was set up by
deducting SEPPA's training data from above testing data.
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Validated by independent testing datasets, SEPPA gave an average AUC value over 0.742
and produced a successful pick-up rate of 96.64%. Comparing with peers, SEPPA shows
significant improvement over other popular methods like CEP, DiscoTope and BEpro. In
addition, the threshold scores for certain accuracy, sensitivity and specificity are provided
online to give the confidence level of the spatial epitope identification. The web server can

be accessed at http://lifecenter.sgst.cn/seppa/index.php. Batch query is supported.

Definition for Unit patch of a residue triangle: Solvent accessible surface areas (SASA) are
determined (Naccess V2.1.1.) for each residue in antigen proteins. Surface residues are
those with more than 1 A2 SASA, while those with SASA loss in binding of more than 1
A are classified as epitope residues. The unit patch of residue triangle is defined among
any three surface residues if the distance for every two of them is within 4 A atom distance.
Based on the training data, unit patches containing more than two epitope residues are

termed as epitope unit patches; otherwise are classified as non-epitope unit patches.

Definition of residue neighbor and clustering coefficient: Clustering coefficient is
introduced to describe the compactness of the neighboring residues around one residue. It
reflects the probability that the neighbors of residue r are also neighbors with each other.
For one residue r, all residues within 15 A of r are defined as residue neighbors of r. kris
the total number of residues neighbors for r. Theoretically, the number of all possible links
among k residue neighbors is k:(k-—1)/2. However, as only those links within certain
distance can be called residue neighbors of each other, the observed actual number of

residue neighbor pairs among k; is recorded as er. The clustering coefficient (ccr) is given as

e,
CCp = mrrme |
k. (k, — 1)/2]
SEPPA requires a 3D protein structure in PDB format as input. Users can submit the query
with a released PDB ID or upload a structural file in PDB format. It is recommended to
specify the chain(s) ID if not all peptides are antigen proteins to be queried in the structure

file. Otherwise, each chain will be assumed as an antigen protein and calculated for

antigenicity scores.
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The results of prediction are displayed in html format. The sequence of submitted protein
antigen is displayed in single letter code in result window. The core residues are shown in
lowercase and surface residues in uppercase. The residues predicted as epitope are
highlighted with yellow color background. The scores of prediction are recorded in another
file, which lists the antigenicity scores for individual residue and this file is downloadable.
A link to visualize the prediction result is also provided in the result page. The visualization
of result is displayed with Jmol (an open-source Java viewer for chemical structures in 3D).

Tints from blue to red represent a rising propensity for a residue to be in the epitope.

10.PEPITO(http://pepito.proteomics.ics.uci.edu/info.html)

PEPITO, attempts to overcome some of the limitations of previous predictors by
incorporating an amino acid propensity scale along with side chain orientation and solvent
accessibility information using half sphere exposure values. To increase robustness,
PEPITO uses propensity scales and half sphere exposure values at multiple distance

thresholds from the target residue.

For each residue r in the target protein chain, an epitope score E(r) is calculated. Large
values of E(r) indicate a higher likelihood that the residue r is an epitope residue. The score
E(r) is calculated using a linear combination of terms. Non-linear methods such as SVMs,
ANNs and Gaussian Mixture Models were also explored, but they did not achieve higher
performance levels. The score is given by:

E(r) Z a- PS(r.k)+ - HSEup(r, k) 4+ y - HSEdownir, k)

EelE 10, . 16A]

The first term PS(r, k) is the sum of the propensity scale scores, averaged over a linear
window of nine residues, for all residues within k A ° of residue r. The second half-sphere
exposure term HSEup(r, k) is the number of “@ atoms in the up half sphere within k A ° of
residue r, and similarly for the third term using the down half sphere within k A ° of residue
r. Intuitively, the HSEup term encodes information on the relative orientation of the side
chain—toward the center of the protein or toward the surface—and the side chain

accessibility.
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Currently, PEPITO uses the propensity scale. The coefficients (&= 1.6 = —1/2.y=—1/4) zre
derived from those previously used by Andersen et al. (2006) and the correlations between

half sphere exposures and contact number.

The server version of PEPITO calculates the epitope score using all residues—only the
antigen chain should be used, not the antibody-antigen complex. PEPITO returns a
simplified PDB file with the epitope score, expressed as a Z-score, in the B-factor field of
each atom. A Z-score threshold of 1.3 will produce a sensitivity>0.3 and specificity>0.9. On
the Discotope dataset, PEPITO achieves an ROC AUC of 75.38 while on the Epitome dataset,
PEPITO achieves an ROC AUC of 68.31.
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1. DEFINING THE EPITOPE

The discontinuous epitope was selected as per the following criteria:
a. Literature references
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Figure 10 : gp120 contacts as defined with the program PISA for the CD4 and VRCO1
complexes are indicated in orange and green, respectively, with Open circles (0) denoting
gp120 main-chain-only contacts, Open circles with rays (Xf) denoting gp120 side-chain-
only contacts, and Filled circles (®) denoting both main-chain and side-chain contacts.

The major structure elements of gp120 involved in ligand binding are underlined.

Reference: Supporting Online Material for Structural Basis for Broad and Potent
Neutralization of HIV-1 by Antibody VRC01

Published 8 July 2010 on Science Express

DOI: 10.1126/science.1192819

b. Results of computational alanine scanning: computational alanine scanning
was performed for the complex G.pdb (gp120-VRCO1l complex). The scan
identified the hotspot residues in the complex. The scan was performed to
identify the discontinuous motif that could be a possible target for designing
immunogens.

Hotspots: hotspot residues can be defined operationally as those for which
alanine mutations have destabilizing effects on AAGcomplex of more than
1kcal/mol.
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The results suggested that residues within the loopD and CD4bs were important
for gp120-VRCO1 interaction. Most of the hotspots lied within these regions.

Results from various epitope prediction servers
The following discontinuous epitope prediction servers were used to further
support the selection of our epitopes:

Discotope(http://www.cbs.dtu.dk/services/DiscoTope/)

SEEPA (http://lifecenter.sgst.cn/seppa/index.php)
PEPITO/BEPRO(http://pepito.proteomics.ics.uci.edu/info.html)
CEP(http://bioinfo.ernet.in/cep.htm)

The results of the above mentioned prediction server was combined to pick out
only few highly probable discontinuous epitope regions.

Predictions using Discotope

1). Homepage of Discotope webserver was opened at
http://www.cbs.dtu.dk/services/DiscoTope/

& SlEnRE
C T Rt www.chs.didk services/DiscaTope/ > O~ &~
[ Custerize Links A Free Hotmail ) Windows Marketplace [T Windows Mecia £ Windows  [IF] Perl tutorial: Start [ Glycation and Crossin...  §)) Association of Preseri... [B] SpringerLink - AGE, Y. # [ Other bookmarks

DiscoTope 1.2 Server

DiscoTope 1.2 server predicts discontinuous B cell enitapes from protein three dimensional structures. The method utiizes calculation of surface accessibility (estimated in terms of eontact numbers) and a novel epitope prapensity
amino acid score. The final scores are calculated by cambining the propensity scores of residues in spatial proximity and the contact numbers.

Mote: The DiscoTope senver has been up-dated to improve the user-fiendliness. The server now predicts epitopes in complexes of multiple chains. Also, DiscoTope outout files are now easily downloaded and imported in
= Futhermore, we have facilitated the vi ion of prediction results.

isualizatiol
istncions guimtfomat T pcesaiea [
3
SUBMISSION H

Please choose one of the following three submission methods:

1. Chain(s) in an existing PDB entry. Use comma for separation of chain ids. Ifthis boxis unspecified,
the prediction will be done using al the pdb fle.

Foscose:| | coamy| |

2. Afle from your local disk containing alist of existing PDB entries with specified chain ID, one per line,
in the format ‘entryname_chain' e.0. 1226_B:

File name: [_Choose File ] Noie chosen

3. Afile from your local disk containing your own structure in PDE farmat (not necessarily presentin PDB)

File name: [_Choose File | Noie shasen

Chain(9: [ | (ifchainid is unspesified, al chains in the structure will be used for prediction)

Specifythe threshald for epit

Wstan,. Q€ © @ efr ok - AdoboRe., | Dic CQB. D700 02

2). After going through the instructions the PDB file was uploaded. All other
parameters were taken at their default values and submitted.
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UISCUTUpPE 1.2 Server a
DiscoTope 1.2 server predicts discontinuous B cell epitopes from protein three dimensional structures. The method utiizes calsulation of surface acoessibiliy (estimated in terms of contast umbers) and a novel epitape propensity
amino acid score. The final scores are calculated by combining the propensity scores of residues in spatial proximity and the contact numbers.

Note: The DiscoTope sewer has been up-dated to improve the useriendiiness. The server now predicts epitopes in complexes of multiple chains. Also, DiscoTope output files are now easily downloaded and imported in
snreadsheets. Futhermore, we have facilitated the visualization of prediction resuits,

T Qutput format e spsirsct.
SUBMISSION
Please choose one of the following three submission methods:

1. Chain(s) in an existing PDB entry. Use carmma for separation of chain ids. Ifthis box s unspecified,
the prediction will be done using all chains in the pdb file

PoBcode:| | chainy:| |

Afile fom your Iocal disk containing a list of existing PDB entries with specified chain ID, on per line,
in the farmat ‘entryname_chain’ e.g. 1226_B.

NAGNAVHNEG 40 ALISUBAING TV2INHIEL = STSATYNY 30Nante

File name: [_Choose File ] o file chosen

Afle from your local disk containing your own structure in PDE format (not necessarily present in PDB)
Fite name: [_Choose File | 1ore_relax_0026.pdb

Chain(9: || fohain iois unspeciied, all chains in the stucture will be used for prediction )

Specify the threshold for epitope identification:

Confidentiality:
The sequences are kept confidential and will be deleted after processing.

(see Instructions)

CITATIONS
For publication of results, please cite:

ait. @€ v

3). After pressing the submit, user is directed to a page asking the user to enter
the email address to which the results have to be mailed (appendix2).

Predictions using SEPPA

1). The homepage of SEPPA webserver at
http://lifecenter.sgst.cn/seppa/index.php was opened.

L seoos b - oo . T scarons 1.2 3w % soon s coneutmmmnsn ] [ scovn s Toee S
3 C M ¥ rip/ecentersgston/seppalr v | OG- &~
[ £ Froaanel [ D winconsrada R windows [ ot St () Gycton and Cross.. @ Assoaonof s [l sengerirs- A, v, ® £ othr bt

SEPPA server || Ba

ery || Exaple || Wew || contact itormation

Plaase chioosa one submission method: T
1. Enter an eisting PO 1D and chain(sy:
PoBIOr [tin Chaincy:
2 Or upboad & focal e in £ farmat

* A la¢al fie WENOL Chisin 1D Eelum £ould 3150 b Upleadsd for prediction,
P fue: [ Chooss File | Nofile chosen

Ghaings)

Phease specity atweshok: T

Threshold. 180

Reset

W M58 i

2). The pdb structure of interest was uploaded. SEPPA also accepts the PDB
names and the Chain identifiers. The threshold was left to the default values.
Under the default threshold, a sensitivity of 0.568 was received while the
specificity was 0.740 on SEPPA training dataset.

65



http://lifecenter.sgst.cn/seppa/index.php

Users can set different thresholds. Under a lower threshold, more residues will
be included as predicted epitope residues. That always results in the
increasement of the true positive rate and the false positive rate at the same

time.
Multiple PDB ID entries can be submitted in batch query. Each entry should include PDB ID and
chain ID(s), which are separated with space(s) in one line.

3). on submitting the structure of interest, the results mark the epitope residues highlighted in
yellow with the core residues shown in lower case. Moreover the 3d structure can also be

viewed.

| R (T T Y T S p—— \GETTT e AT

« c # iecenter.sgst.cnysey > O &
(2 Other bookmars
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150200  LTVEDTAVYF ctRgKNCDYN WOEENWGRGE PYIVSSPSTK GESVEPLAPS|
201-250 AVLQSSBLYS|
251-300 SLETQTYION TUSPHILIL
301-350  SPEETalisC
I51-400  WGPDYNIT o)

an1-as0 GTasvVelln

asi-s00 s s TLTLSKADYE KMKVYACEY T NQGLRSPVTK SPNRGEC

P PE RESIDUE | NON EPITOPE RESIDUE | care residue

Explainthe resun T

Predictions using PEPITO

1). The homepage of the PEPITO/BEPro webserver at
http://pepito.proteomics.ics.uci.edu/index.html was opened.

[ i €T e e
€ C Mt hip/pepitoprotecmicsics.ud.edrides bt » 0O~ &~
I Comtonize Links B Froa Hotmad ] Wivkows Markatplace [ Wdowns indis B indows ] Pecltutcrid St () Ghetion and Crossin, . A Associstion of Pressei... B Seviaslink - AGE. V... ® [ Ottwr bookmarks
Discontinuous B-cell =%
Epitope Prediction 4
Formerly known as PEPITO
Upload a PDB file with antigen chans (a0 antibody chans)
Mo fle chosan
® PDB Fie O Visushee wnth Jmel (BETA) [ Submit
More Information
For commercial icease, please contact igh-beensei@ics uct edy
[ SEPPR_IAL Mt - O Fowslcnionds.. X

‘istart. P E W (0 o2 e - Mhcros.., | ol Msior ocF - Adobe Rew.. % EEpra - Discontinuous... & WEIE Lasan
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2). BEPro accepts PDB files i.e the tertiary structure of the antigen so in order to
submit, the user must upload a pdb file.

Users can request either a text file with a simplified PDB containing the
predicted epitope score in the temperature field (i.e., the last column) or a
visualization of the protein using Jmol colored by the epitope score.

Higher scores correspond to a higher likelihood that the residue is in an epitope.
3). The antigen structure was submitted and the results were obtained in form of

a pdb file.
(appendix 2)
Prediction using CEP
1). The homepage of CEP at http://bioinfo.ernet.in/cep.htm was opened
73 Conformational Epitope Prediction - Microsoft Intemet Explorer EE®

Fle Edt View Favoites Tools Help I’

http:/bicinfo.ernet.infcep.htm v BGO
Conformational Epitope Prediction Server
Develop ioi ics Centre, Unit of Pune, INDIA
[ CESemer |

Email: | shriram@bioinfo.emetin
EnteraPDBID: | 1FDL
OR Upload your coordinate file in PDB format: Browse...

Submit
Select Chain v

Select Chain
All

Please note H

1. This server predicts conformational epitopes only for proteins L

2. Your prediction may vary with and without explicit addition of hydrogens 2

3.In case of a Ag-Ab complex, submit the coordinates of only the antigen

4. Files with more than 0 5Mb size takes longer time(~3-5 Min)

thm using Ag-Ab complexes from PDB

Comments : cep@bioinfo.emet.in

£] Done © Intemet

2). CEP server requires the 3D coordinate data in PDB format. The antigen of
interest gp120 was submitted by uploading the respective pdb file. The specific
chain was specified and the results were mailed at the entered email address.
The antigenic determinants, conformational epitopes, and the sequential
epitopes were visualized. Also the experimentally determined binding sites were

reported.

2. GENERATION OF A CULLED PDB
The PDB structures of the candidate scaffolds were downloaded satisfying the
below mentioned criteria from the Protein Data Bank and a local database was set

up.

Scaffolds selected were:
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Monomeric

Single chains

Without ligands

Having no cysteine residues

Low molecular weight (<= 40kda)

Structures having a resolution better than 3A°
From any source organism except human

A total of 431 pdb structures were downloaded and screened for grafting the
epitope regions.

SCAFFOLD SELECTION BY ROSETTA MULTIGRAFTMATCH

The matching algorithm was developed to select scaffolds suitable for
transplantation of structural motifs, based on structural compatibility with a given
motif and on their predicted ability to interact with a desired binding partner.

The iterative and exhaustive nature of the matching algorithm, searches all the
residues of protein structures in the Protein Data Bank (PDB) for grafting sites
suitable for a given structural motif.

The starting input for Multigraft Match is the set of atomic coordinates of the motif
in complex with the desired binding partner.

Matches could be anywhere on the protein but to make sure that they are on the
surface the clashes must be minimum.

Files required

1. The PDB files of all the candidate scaffolds. Dssp files are also used though not
necessary.

2. LIST file: This is a text file containing the list of pdb ids of all the candidate
scaffolds. The list should contain one pdb per line.

3. Loop ranges file: This is a text file which contains the information about the
number of epitopes to be grafted as well as the residue range of the epitope
stretches to be considered for grafting. (appendix 3)

4. Native complex file: This is a pdb file which contains the coordinates of the
antibody and the epitope regions of interest(appendix 3). In this PDB file, Ab

must be first! Residues in antigen/epitope section must be in proper numerical
order, e.g. 34, 35, 100, 101 .. to N. Residue numbers themselves don't have to
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run from 1 to N. All residues specified in each of the 'full ranges' in the loop
ranges file must be in the antigen/epitope section.
5. A command file is prepared containing the command.

Command used:

rosetta.release -epi graft -match -rough match -input file <name
of the list file> -paths paths.txt -output file <name of output
file> -loop ranges <name of loop ranges file> -nres Ab <number
of residues of the Ab only> -S align -native complex <the native
complex file name> -max closure rms <default value or any other
as required> -rough match closure rms <default or any other
generally more than max closure rms value> -rb move -
max intra clash <default or any other> -max inter clash <default
or any other> -no single match output -no partial match output

Running Rosetta Epigraft/MultigraftMatch
The program runs by typing “sh <name of the command file>" and then pressing
enter.

4. COMPUTATIONAL GRAFTING OF DISCONTINUOUS EPITOPE USING ROSETTA
MULTIGRAFTDESIGN

MultigraftDesign takes the multigraft match result as input, removes the
appropriate regions of the scaffold, built new segments to connect the epitope to the
scaffold and designed the side chains neighboring the epitope and connecting
segments to support the graft.

This involved aggressive structural manipulations, including replacements of
ordered secondary structure motifs by the epitope segments and sequence design of
10 or more core residues.

MultigraftDesign was used for backbone grafting which alters both the sequence
and structure of the scaffold to accommodate a desired functional motif.

Several design variants of each candidate scaffold were generated.

» Files required
1. The PDB files of all the candidate scaffolds. Dssp files are also used though not

necessary.
2. LIST file: This is a text file containing the list of pdb ids of all the candidate
scaffolds. The list should contain one pdb per line
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3. Loop ranges file: This is a text file which contains the information about the
number of epitopes to be grafted as well as the residue range of the epitope
stretches to be considered for grafting. (appendix 3)

4. Native complex file: This is a pdb file which contains the coordinates of the
antibody and the epitope regions of interest. In this PDB file, Ab must be first!
Residues in antigen/epitope section must be in proper numerical order, e.g. 34,
35,100, 101 .. to N. Residue numbers themselves don't have to run from 1 to N.
All residues specified in each of the 'full ranges' in the loop ranges file must be in
the antigen/epitope section.

5. Input file: Typically this file contains match results that come from the Epi-Graft
Match run but with removal of all data columns AFTER the last translation entry
'"T_z'. All of the data columns such as 'overall_rms' cannot be in the input file!
Additional columns are included into the input file which indicates the type of
grafting to be performed on the epitope.(appendix 3)

Example input file;

(match result columns) $ graft_bb graft_sc scaffold_tether_nterm

scaffold_linker_nterm scaffold_moveable_nterm |scaffold_tether_cterm

scaffold_linker_cterm scaffold_moveable_cterm | epitope_tether_nterm

epitope_linker_nterm epitope_moveable_nterm | epitope_tether_cterm

epitope_linker_cterm epitope_moveable_cterm perturb_rb?

move_all_epitope_residues? close as_single_break? repack_epitope_residues?

( my_scaffold.pdb 362 379..) $ true true 3-1 3|4 2 2|00O0|0O0
0

( my_scaffold.pdb 478 482..) $true true 4 0 4|14 0 4]0 3 3|10
1

Interpretation of the columns in the input file

1. The'$' symbol is REQUIRED to separate the match result columns and the graft info
columns, since the number of match result columns and graft info columns can be
variable.

2. 'graft_ bb' column is 'true' or 'false' and indicates whether or not to graft the
backbone of the corresponding epitope. 'graft_ sc' column 'true' or 'false' and
indicates whether or not to graft the sidechain of the corresponding epitope.
'‘graft_bb' takes precedence over 'graft_sc', so if 'graft_bb' is true, then 'graft_sc' is
forced to true in the software. If 'graft bb' is false then no other columns are
necessary.
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3. The latter 15 columns of each line define the number of n-terminal and c-terminal
tether/linker/moveable residues on the scaffold and epitope sides of each epitope
loop.

4. A total of three separate '|' must be used to separate the entry groups.

5. Tether residues are the total number of residues to one side of the *-terminus, linker
residues indicate the number of residues to grow/remove from the scaffold side of
the chainbreak, and moveable residues are the total number of moveable residues
during loop closure.

6. There are restrictions on the values of the tether/linker/moveable residues:

Restriction: 'tether_*term' >=0

Restriction: 'tether_*term' + 'linker_*term' >= 0

Restriction: 'tether_*term' + 'linker_*term' >= 'moveable_*term'
Restriction: epitope_tether_nterm < 1 + (length of epitope loop)/2
Restriction: epitope_tether_cterm < (length of epitope loop)/2
Restriction: epitope_linker_*term >= 0

7. The next (optional) 2 columns of each line indicate whether that epitope component
should be rigid body perturbed prior to each build loops attempt, and whether or
not to move all residues in the epitope when attempting to close.

8. The next (optional) column of each line indicates whether or not the epitope

component should be grafted using single break closure, rather than double break
closure.
Currently this requires move_all_epitope_residues to be true. Note that this
removes the rigid body dependence of the epitope components! This column is
ignored for primary components. Single break closure and rigid body perturbation
cannot both be true at the same time.

9. The last (optional) column of each line indicates whether or not to forcibly repack
the epitope residues. This is recommended if you end up moving any epitope
residues, like with "move_all_epitope_residues”. This column is valid for ALL
components.

Command used

rosetta.release -epl graft -multigraft -nres Ab <number of
residues of the Ab> -native complex <name of native complex pdb
file> -loop ranges <name of loop ranges file> -input file <input
file name> -use non monotone line search -exl -exlaro -ex2 -
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extrachi cutoff 0 —atom vdw_set highres -close _as ALA -
grow _as ALA -graft with Ab -repack Ab -build loops -refine loops
—-design after closure -refine with Ab after design -
closure attempts <number of closure attempts> -
store n best closures <number of closures to be stored> -
dump all closure attempt structures -design attempts <number of
design attempts> -store n best designs <number of designs to be
stored> -refine with constraints -intra design cutoff <default
or any other as required> -inter design cutoff <default or any
other as required> -max chainbreak score <default or any other>
-max local rama <default or any other> -design after closure -
Ab epitope optimize -repack epitope -use old graft info format -
paths paths.txt -output file multi nw.out -vall <name of vall
database> -export resfile -export blueprint

Running Rosetta MultigraftDesign

The program runs by typing “sh <name of the command file>” and then pressing
enter.

6. ENERGY MINIMIZATION BY ROSETTA FASTRELAX

After grafting of the discontinuous epitopes on the scaffolds, these structures were
minimized.

Relax application in Rosetta carries out the task of simple structural refinement of
the full atom Rosetta models. It can also read the centroid models in which case it
will convert the model into a full atom model and pack the sidechains.

It takes as input one or more structures in PDB format.

It is a general purpose protocol and in most cases relax is the last step in a larger
protocol.

The lowest energy structures are of interest to the user.

The structure can change upto 2-3A from the starting conformation.

The structures obtained after design experiment were relaxed using this application
25 structures were generated for each selected design (scaffold with the epitope).
The lowest energy structures were selected for each designed structure.
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Files required
1. PDB file of the designed structure (containing the Ab-scaffold with the epitopes)

to be minimized
2. Commands file containing the command to be used.

Command used

/root/rosetta source/bin/relax.default.linuxgccrelease
@<script file name> -run:constant seed -nodelay -database
<path to the rosetta database> -overwrite

3. Script file containing the script (appendix3)

-s <pdb file name>

—constant seed

-out:nstruct <number of structures to be generated in the
output>

—out:output

—out:pdb

-out:show accessed options

-relax:quick

-mute core.util.prof ## dont show timing info
-unmute core.io.database

-out:file:fullatom

—out:path:pdb

Running RosettaFastRelax

The program runs by typing “sh <name of the command file>” and then pressing
enter.

7. VALIDATION

4 best structures were selected after the energy minimization and were
hierarchically arranged as per the following evaluation criteria:

Rmsd: the rmsds between the designs and the actual structure (Gp120-VRCO1)
were determined using pymol.

Computational alanine scanning was performed for each (scaffold with the
epitope+VRCO1).

Interactions of the actual structure (gp121-VRCO1) and the designs (scaffold with
the epitope-VRCO1) were determined and compared. This was done using PIC
server.
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RESULTS

*actual pdb ids and some data has been concealed from the report due to confidentiality issues of this
work at I.C.G.E.B NewDelhi. I do not hold the permission to reveal them.

1. Results of computational alanine scanning (for defining the epitopes)

Computational alanine scanning was performed for the complex G.pdb (VRCO1-
gp120 complex) to determine the hotspot residues and confirm that the hotspots
are determined within the LoopD and CD4bs.

Gp120 comprises of four identical chains, so only the G chain of gp120 was
considered for scanning the interface between the G and H (heavy chain of VRCO1)
and G and L (light chain of VRCO1). It was found that most of the hotspots lie within
the LoopD (276-284) and CD4bs (364-371) regions implying their important
interactions with the VRCO1.
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pdb# | chain | int id | res# | aa | DDG(complex) | DDG(complex,obs) | DG(partner)
275 G 1 159 | 4 0.09 0 -0.06
276 G 1 160 | 12 0.15 0 -0.22
278 G 1 162 | 17 0.11 0 0.05
279 G 1 163 | 12 2.02 0 1.11
280 G 1 164 | 12 2.76 0 -0.33
282 G 1 166 | 9 0.56 0 0.69
365 G 1 226 | 16 0.55 0 -0.09
368 G 1 229 | 3 1.55 0 -0.94
371 G 1 232 | 8 1.06 0 1.12
425 G 0 277 | 12 -0.02 0 0.63
455 G 1 307 | 17 0.29 0 0.7
457 G 1 309 | 3 -0.14 0 0.96
461 G 1 313 | 12 0.9 0 -0.8
462 G 1 314 | 12 0.91 0 -0.02
469 G 1 321 | 15 0.21 0 4.73
474 G 0 326 | 12 -0.02 0 0.92
476 G 1 328 | 9 -0.11 0 0.85
3 L 1 347 | 18 0 0 0.7
91 L 1 433 | 10 1.17 0 0.36
96 L 1 434 | 4 0.8 0 -0.02
97 L 1 435 0.59 0 0.73
47 H 1 600 | 19 0.6 0 5.96
50 H 1 603 | 19 3.38 0 3.79
52 H 1 605 | 9 0.37 0 0.75
52 H 0 607 | 18 0.21 0 0.25
53 H 1 608 | 17 0.83 0 0.83
56 H 0 611 | 18 0.6 0 1.54
57 H 1 612 | 12 4.08 0 0.21
58 H 0 613 | 5 0.15 0 3.92
60 H 0 615 | 16 0.16 0 -0.14
64 H 1 619 | 15 2.01 0 0.56
69 H 0 624 | 10 0 0 3.69
71 H 1 626 | 15 1.56 0 2.46
73 H 1 628 | 15 1.24 0 0.65
74 H 1 629 | 3 -0.07 0 -1.04
98 H 1 656 | 20 -0.13 0 0.09
99 H 1 657 | 17 0.26 0 1.02
100 H 1 662 | 19 2.98 0 3.54

Interpretation of the output: the columns contain the following information
pdb#, number of mutated residue in the pdb file.
chain, pdb chain identifier.

int_id: measure of whether a residue side chain atom is within 4 A of an atom on the other
partner (1) or not contacting directly, but buried upon binding (0).

res#, continuous residue numbering of all partners, starting with residue number 1.
aa, amino acid type according to one-residue nomenclature in alphabetical order (1-A, 2-C,

3-D, 4-E ..)
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AAG(complex), predicted change in binding free energy upon alanine mutation.

AAG(complex, obs), observed changes in binding free energy upon alanine mutation (user
input in mutation list, otherwise set to zero)

AG(partner), predicted change in protein stability of the mutated complex partner upon
alanine mutation

Hot-spot residues can be defined operationally as those for which alanine mutations
have destabilizing effects on AAGcomplex of more than 1 kcal/mol. For a comparison
with experimental data, a correctly identified hot spot means a residue with a
predicted and observed AAGcomplex value of greater than or equal to 1 kcal/mo],
and a correctly identified neutral residue has both predicted and observed AAGbind
values of less than 1 kcal/mol.

2. Results of epitope prediction

Different servers were used for discontinuous Bcell epitope prediction and the
results from all the servers were used to generate a consensus. It was found that all
the servers could predict the epitopic residues within the regions of LoopD (276-
284) and CD4bs (364-371) (result table in appendix 1 and appendix 2).

Figure 11: gp120 with the predicted discontinuous epitopes (shown in red)
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3. Designed Structures (scaffolds carrying the grafts)

a. A.pdb: A.pdb is a crystal structure of single chain monomeric protein of 71
amino acid residues and the source organism is Enterobacteria phage lambda.
It was used as a candidate scaffold and the loopD and CD4bs were successfully
grafted onto the scaffold.

Sequence of the designed immunogen: red regions are the LoopD and CD4bs
respectively.
EPITLKDYAMRFGNSGGDLEIWLAIHAGLKIFTVRAEGGLTNNAKTTGSGTVRVSDGE
FKPWTSN

Structure of the designed immunogen:

Figure 12: alignment of the actual scaffold (green) with the modified scaffold (cyan). In the
modified scaffold it is shown that new region of the epitopes LoopD and CD4bs (shown here in
dark blue) are constructed by replacing the backbone of the scaffold.

b. C.pdb: It is a refined crystal structure from staphylococcus aureus protein. It is a
single chain monomeric protein of 257amino acid long. Two different designs
were constructed using this scaffold.

Sequence of the designed immunogen: red regions are the CD4bs and loopD
respectively.
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1. KELNDLEKKYNAHIGVYALDTKSGKEVKFNSDKRFHHASTSFAIWSA
IVLEQVPYNKLNKKVHINKSDAHDYSPILEKYVGKDITLKALIEAAMT
YSDDTAAHELMAQGSENLTNNAKTAGLGAQLVKIRLKELGDKVTSPG
TPPSGHTSGPSGGDLEITGNGPDGSTPAAFGKTLNKLIANGKLSKENK
KFLLDLMLNNKSGDTLIKDGVPKDYKVADKSGQAQVYASRNDVAFVY
PKGQSEPIVLVIFTSKDNKSDKPNDKLISETAKSVMKEF

2. KELNDLEKKYNAHIGVYALDTKSGKEVKFNSDKPFAPASTSDAIWSAILLEYVPYNKKVHINKSD
AVDYSPILEKYVGKDITLKALIEASMTYSDNTASIKIMEVGALLTNNAKTAGGASNGVKNRLKELG
DKVFDPTTTFHDLSSGGPSGGDLEIRGLPQQGGPTPASVGKTLNKLIANGKLSKENKKFLLDLML
NNKSGDTLIKGVPKDYKVADKSGQAITYASRNDVAFVYPKGQSEPIVLVIFTNKDNKSDKPNDKLI
SETAKSVMKEF

Structure of the designed immunogen:

Figure 13: alignment of the actual scaffold (green) with the modified scaffold (cyan). In the
modified scaffold it is shown that new region of the epitopes LoopD and CD4bs (shown here in
dark blue) are constructed by replacing the backbone of the scaffold.

c. B.pdb: B.pdb is a crystal structure of a hypothetical protein from Pyrococcus
horikoshii Ot3. It is a single chain monomeric protein of length 238 amino acid.

Sequence of the designed immunogens: red regions are the loopD and CD4bs

respectively.
MKEEAVRVIEEVLKQGRTAMVEYEAKQVLKAYGLPVPEEKLAKTLDE
ALEYAKEIGYPVVLKLMSPQILHKSDAKVVMLNIKNEEELKKKWEEI
HENAKKYRPDAEILGVLVAPMLKPGRAVIIRTGPAGKSGGDLEEGGG
AIIFFHLGPFQWMQALTNNAKTSTDYFPFIPITEKRARYMIQSIEAYPI
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LAGAEEPADIDAIVDMLLKVSKLMYDLEDYITTSELNPVFVYNKGEGA
VIVDSSITLFPK.

Structure of the designed immunogen

Figure 14: In the modified scaffold it is shown that new region of the epitopes LoopD and CD4bs
(shown here in dark blue) are constructed by replacing the backbone of the scaffold.

4. Validation of the designed structures

a. The designed structures were validated by determining their rmsd with the
actual complex G.pdb (gp120-VRCO1 complex). Further their interactions at the
interface were determined and compared with the actual one (G.pdb). The
designs with maximum interactions identical to the G.pdb were determined
using PIC webserver (appendix 3) and were arranged hierarchically. Also
computational alanine scanning was again performed for all the design-Ab
complexes.

Out of the four scaffolds, the immunogen designed using C.pdb showed
maximum interactions similar to the actual complex C.pdb (gp120-VRCO1)

Interactions at the interface of G.pdb (gpl20- | Interactions at the interface of designed scaffold
VRCO1) complex C.pdb and VRCO1 complex
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Ala(281)—>hydrophobic interaction>trp(50)(H)
Ala(281)—>hydrophobic interaction>trp(100)(H)
Ile(371)>hydrophobic interaction—>ala(56)(H)
Asp(368)>main chain interaction>gly(54)(H)
Lys(282)~>mainchain-sidechain—>asp(99)(H)
Asp(368)>mainchain-sidechain—>gly(54)(H)
Thr(278)—>sidechain interactions>tyr(91)(L)
Asn(280)->sidechain interactions>glu(96)(L)
Asp(368)—>ionic interactions—>arg(71)(H)

Ala(117)~>hydrophobic interaction>trp(100)(H)
Ala(117)>hydrophobic interaction>tyr(91)(L)
Asp(156)~>main chain interaction>gly(54)(L)
Thr(114)->mainchain-sidechain>tyr(28)(L)
Asp(156)>mainchain-sidechain—>gly(54)(H)
Thr(114)->sidechain interactions>tyr(91)(L)
Asn(115)->sidechain interactions>gIn(27)(L)
Asp(156)—>ionic interaction>arg(71)(H)

b. The rmsd of the designed structures with the actual complex was also

determined.

1. Scaffold B.pdb

Figure 15: Fig: the image shows the alignment of the designed scaffold-Ab complex (B.pdb-
VRCO1) with the actual complex G.pdb (gp120-VRCO1). The red regions are the epitopes on
gp120 and the dark blue regions are the epitopes grafted on the scaffold (green). This clearly
shows that the two epitope loops are grafted (dark blue) at almost the same relative distance
from each other as present in the actual complex (red). The rmsd was found to be 1.236A°

2. Scaffold C.pdb
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Figure 16: the image shows the alignment of the designed scaffold-Ab complex (C.pdb-VRCO1)
with the actual complex G.pdb (gp120-VRCO1). The red regions are the epitopes on gp120 and
the dark blue regions are the epitopes grafted on the scaffold (green). This clearly shows that
the two epitope loops are grafted (dark blue) at almost the same relative distance from each
other as present in the actual complex (red). The rmsd was found to be 1.707A° and 2.956A°
for both the designs respectively.

3. Scaffold A.pdb

Figure 17: the image shows the alignment of the designed scaffold-Ab complex (A.pdb-VRCO1)
with the actual complex G.pdb (gp120-VRCO1). The red regions are the epitopes on gp120 and
the dark blue regions are the epitopes grafted on the scaffold (green). This clearly shows that
the two epitope loops are grafted (dark blue) at almost the same relative distance from each
other as present in the actual complex (red). The rmsd was found to be 2.347A°
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CONCLUSION

The designing of HIV immunogens by grafting of discontinuous Bcell epitopes on suitable
scaffolds is a step towards a new generation of epitope based vaccines. This has become an
important and an intelligent strategy since the discovery of broadly neutralizing antibodies
that target certain conserved regions on the surface glycoprotein gp120. These broadly
neutralizing antibodies are highly potent and are effective against a wide range of HIV

viruses.

In the present work, HIV immunogen designing was performed by grafting the
discontinuous Bcell epitopes (on the gp120) on certain carrier proteins called scaffolds.
The scaffolds selected were low molecular weight, monomeric, single chain proteins,
without disulphide linkages, having a good resolution and were from any source organism
excepting humans. Backbone grafting was performed as this type of grafting is very useful
in cases where no structural similarity exists between the scaffold and the epitope regions
to be grafted. Moreover it has been observed that backbone grafting generated
immunogens with a greater binding affinity for the antibody than the side chain grafting.
Hence backbone grafting gives a completely new backbone structure as well as an entirely
new sequence. Important consideration while performing grafting of the epitope is that the

grafts are made on the surface and are in the same conformation as present on the actual
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antigen. To make sure that the grafts come on the surface the clashes (i.e. both the inter and
intra clash values) had to be minimum. Generally a value of 50 to 100 gives biologically
significant and surface exposed grafts. The designed complexes were minimized to attain
the lowest energy conformations and the most stabilized structures having the lowest

energy are of interest to the user.

Validation of the designs requires analysis of the rmsds of the designed imunogen-Ab
complex with the original complex (gp120-VRCO1 complex), the comparision of
interactions at the interface and the determination of the important residues at the
interface of the designed immunogen-Ab complex by computational alanine scanning and
hence comparing them with the original complex. Based on the above analysis the four best

designs were arranged hierarchically as follows:

1. C_l.pdb
DAKLMLEKKYNAHISGYTILLKTGKEVKFNSDHTYDDSTTSFAIWSA
IVLEQVPYINTKKYLNGNKSDAHDYSPILEKYVMTAILNTPLIEAAMT
YSDDTAAHELMAQGSENLTNNAKTAGLGAQLLTNNGLEIPSGGTSPG
TGYSGHTSGPSGGDLEITGNGPDGSTPAWWRRSTYLIANGKLSKENK
KFLLDLMLNNKSGDTLIKDGVPKDYKVADKSGQAQVYRDYTASAFVY
PKGQSEPIVLVIFNTPDNKSNNPGYHLISETAKSVMKEF

2. B.pdb
MNTFGVDDSTAGGPYTHHANTKYEAKQVLKAYGLPVPEEKLAKTLD
EALEFLGDDHPVVLKLMSRQSLHKSDANTLIGDAVSNEEELKKKWEE
IKTNNGKYRPDAEILGVVRADGSTVNGLIVIIRTGPAGKSGGDLEEGGG
LAMNITLGPFQWMQALTNNAKTSTDYFPFIPITEKRAMSPIQSIEAYPI
LAGAEEPSPRAHALLKVSKLMYDLDINESHSIRVESPAPVFVYNKGEGA
GATEWAYSITLFPK.

3. Apdb
EPRAMANSMRFGNSGGDLEIWLAIWAYLKIGATEGGLTNNAKTTGSGSASVSDGNSGPWLTD

4. C_2.pdb
ABHISHEKKYNAHGARYADIVYAGKEVKFNSDKPFAPASTSDAIWSMILEYPVPYNKKVHNDASD
DVDYSPILSAARAAHITLKALIEASMTYSPIDERMANMEVGALLTNNAKTAGGASNGNEVIAKEDG
DKVFDPTTTFHDLSSGGPSGGDLEIRGLPQQGGATVSSVGKPLAYERANGMNSKENKKVYLGDLML
NKDSGDTLIKGSTVYAYKVADMNPGQAITLGSRNDVCDVYPKGFEASTVLVIFTNDSTPLDKPNDKLI
SFELLAWMKEF
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DISCUSSION
With 90% of the Bcell epitopes being discontinuous, the designing of HIV immunogen by

computational grafting of discontinuous epitopes on appropriate scaffold proteins to make

them capable of eliciting the broadly neutralizing antibodies has challenges of its own.

First and foremost the reliable prediction of highly immunogenic epitopes to significantly
reduce experimental efforts in discovering epitopes needed for the designing of vaccines
and immunodiagnostics is a trivial task and requires the knowledge of protein structures.
This is more difficult in case of discontinuous Bcell epitopes where the epitopes are
entirely context dependent and hence a binary classification is simply not reliable. So to
make our predictions more reliable combinations of different servers must be considered.
When the aim of the immunological study is to identify as many binders as possible,
servers should be used in union mode and when efficiency is a priority, and experimental
work aims to pick out only a few, highly probable binders, server outputs should be

combined using the intersection mode.

Understanding the mechanism of action of the broadly neutralizing antibodies is required
to reveal the vulnerabilities that are shared by many different types of HIV. These
conserved regions form the basis of epitope driven vaccines. Of particular importance are
the CD4bs targeting neutralizing antibodies because it is this site which is present in all

types of HIV to gain access to the host cell CD4 receptors. Recently discovered VRCO1 is
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important because it is highly potent and manages to evade the glycan shield of the HIV.
The antibody does this by utilizing the glycans to gain access to the CD4 binding site and
hence rather than being obstructed, it uses the glycans to target the CD4 binding site. With
such potent broadly neutralizing antibodies being discovered, interest in the field of HIV

vaccine research has been reignited.

Secondly the grafting of the discontinuous epitope in exactly the same conformation and
same relative orientation with respect to each other as in the original gp120 structure is
difficult to achieve and requires a thorough study of the actual structure. The more similar
the designs are to the actual epitopes on the antigens, more closely the interactions mimic
the actual ones. While grafting, intelligent selection of the number of linkers to be added
ensures that the structures are properly closed and are flexible enough to have stable

closures.

Thirdly, selection of highly immunogenic scaffolds of carrier proteins must be carefully
done because it ia a possibility that the immunogenicity due to the scaffold takes over the
immunogenicity due to the transplanted motif. So the interface has to be carefully designed

so that the epitope forms maximum interactions with the neutralizing antibody.

Although HIV vaccine research continues to lure us, we must not neglect the fact that HIV
virus requires not only a strong humoral response and the broadly neutralizing antibodies
but also a strong cell mediated immunity as well as the targeted action of many non-
neutralizing antibodies. Also a major problem with the virus is the long inactive period in
many patients, making its detection and diagnosis even more difficult. Hence novel

strategies are being discovered for rational designing of HIV vaccine.
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