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Abstract:
Efforts to develop an HIV vaccine have been hindered by difficulties in identifying epitopes capable of
inducing a broad neutralizing antibody response due to the high mutation rate and complex structure of
HIV envelope glycoprotein. However, the CD4 binding site of gp120 exhibits a high degree of
conservation, so epitopes at this site could potentially be used as a vaccine to induce a broad
neutralizing antibody response. A random peptide phage display library was screened using
monoclonal antibodies directed this site, to identify antigenic and immunogenic mimics of such
epitopes of gp120. Peptides corresponding to the selected sequences plus a C-terminal cysteine were
synthesized and coupled to carriers, such as the plant viruses CCMV and CPMV using
heterobifunctional linkers. When these linkers were used with CCMV, low yields of conjugates and
viral aggregation were obtained due to the many active lysine residues on the viral surface and the
presence of excess linker. These problems were overcome by making a virus mutant with a single
cysteine residue exposed on the surface of each capsid subunit (CCMV S130C). This cysteine was
coupled to the peptides using a homobifunctional linkers. The peptides coupled to viral carriers and to
KLH were used to immunize mice. Sera were tested for specific anti-peptide antibodies. All
carrier-peptide conjugates induced anti-peptide antibodies. The amount of peptides attached to the
carriers was not the only factor determining the anti-peptide antibody titers. All conjugates used were
immunogenic when injected with adjuvant. However, when injected without adjuvant, CCMV S130C
conjugate induced low anti-carrier antibody titers and no anti-peptide antibody titers, while KLH
conjugates induced high anti-carrier antibody titers and low anti-peptide antibody titers. Anti-gp120
antibody titers were detected in sera from mice immunized with the virus-peptide conjugates but not in
mice immunized with virus alone. However, sera from mice immunized with irrelevant peptide
conjugates showed some anti-gp120 cross-reactivity. None of the sera showed binding to gp120 on
HIV-infected cells or neutralizing activity. These results indicated that the peptides acted as antigenic
mimics when screened but lost their mimicry when coupled to carriers.
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ABSTRACT
Efforts to develop an HIV vaccine have been hindered by difficulties in
identifying epitopes capable of inducing a broad neutralizing antibody response
due to the high mutation rate and complex structure of HIV envelope
glycoprotein. However, the CD4 binding site of gp120 exhibits a high degree of
conservation, so epitopes at this site could potentially be used as a vaccine to
induce a broad neutralizing antibody response. A random peptide phage display
library was screened using monoclonal a ntibodies directed this site, to identify
antigenic and immunogenic mimics of such epitopes of gp120. Peptides
corresponding to the selected sequences plus a C-terminal cysteine were
synthesized and coupled to carriers, such as the plant viruses CCMV and CPMV
using heterobifunctional linkers. When these linkers were used with CCMV1low
yields of conjugates and viral aggregation were obtained due to the many active
lysine residues on the viral surface and the presence of excess linker. These
problems were overcome by making a virus mutant with a single cysteine residue
exposed on the surface of each capsid subunit (CCMV S130C). This cysteine
was coupled to the peptides using a homobifunctional linkers. The peptides
coupled to viral carriers and to KLH were used to immunize mice. Sera were
tested for specific anti-peptide antibodies. All carrier-peptide conjugates induced
anti-peptide antibodies. The amount of peptides attached to the carriers was not
the only factor determining the anti-peptide antibody titers. All conjugates used
were immunogenic when injected with adjuvant. However, when injected without
adjuvant, CCMV S130C conjugate induced low anti-carrier antibody titers and no
anti-peptide antibody titers, while KLH conjugates induced high anti-carrier
antibody titers and low anti-peptide antibody titers. Anti-gp120 antibody titers
were detected in sera from mice immunized with the virus-peptide conjugates but
not in mice immunized with virus alone. However, sera from mice immunized
with irrelevant peptide conjugates showed some anti-gp120 cross-reactivity.
None of the sera showed binding to gp120 on HIV-infected cells or neutralizing
activity. These results indicated that the peptides acted as antigenic mimics
when screened but lost their mimicry when coupled to carriers.

CHAPTER ONE
INTRODUCTION AND REVIEW OF HIV
Introduction
The human immunodeficiency virus (HIV) is the etiologic agent of acquired
immunodeficiency syndrome (AIDS) in humans, which is spreading unabated in
many parts of the world.

The highest rate of HIV infection is found in sub-

Saharan Africa where the lifetime risk of death from AIDS is 40-50% and life
expectancy is reduced by up to 30 years (1).
Although the current generation of antiviral drugs has succeeded in
fighting against AIDS, most HIV-infected individuals will never benefit from these
therapeutic agents due to lack of access and/or the prohibited costs of these
drugs.

The AIDS epidemic is concentrated in regions of the world where

insufficient financial resources prevent access to these drugs.

Even in wealthy

countries where these therapeutic agents are available, concerns have been
raised regarding poor tolerance of the drugs and the long-term toxicity of
therapeutic combinations.

The ultimate solution for containment of the AIDS

epidemic will require the development of a vaccine strategy. Almost all vaccines
in use today are based on either a) killed or attenuated virus b) recombinant coat
proteins. Neither of these approaches has been successful against HIV. Thus, it
seems that the development of a vaccine against HIV will be more difficult than
originally anticipated.
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AIDS
Acquired immune deficiency syndrome (AIDS) is the syndrome resulting
from the destruction of CD4+ lymphocytes by HIV. The course of HIV-1 infection
is characterized by a biphasic viremia.
propagation of HIV-1

Following the dissemination and

in the lymphoid tissues during primary infection,

engagement of t he h ost a ntiviral i mmune r esponse c oincides w ith a fall i n the
plasma virus I oad to a set-point level (2). U ncontrolled viral replication during
primary HIV-1 infection initially leads to activation of a marked cell-mediated
immune response, which is later accompanied by the development of a humoral
immune response (3).

Elevated levels of immune markers decline, as the

disease enters the chronic phase (4). Although the hallmark of HIV-1 infection
and AIDS is immunodeficiency resulting from functional and numeric loss of
CD4+T lymphocytes, there is a heightened state of systemic immune activation
throughout the course of chronic HIV-1 infection (5, 6 ,1). The immune activation
resulting from the presence of opportunistic infections, other inflammatory stimuli,
or the antigenic stimulus of HIV-1 infection itself may provide an immunological
environment that actually drives viral replication and disease progression in HIV
infected persons (8). Immune activation has been a key theme in therapeutic
approaches to the control of HIV replication and elimination of infection.
However, the ability of HIV to replicate persistently in infected individuals and
avoid immune surveillance has been one of major obstacles to achieving a
therapeutic cure for HIV-infected persons (9).

3

Genetic Diversity
The h allmark o f HI Vi s its e xtensive genetic d iversity. H eterogeneity in
nucleic acid sequences is the result of the error-prone viral reverse-transcriptase
(RT) enzyme as well as the high rate of virion production. Their heterogeneity
allows for quick adaptation of viruses to environmental selection pressures.
HIV can be divided into two types:

HIV-1 and HIV-2, which represent

independent crossovers of simian retroviruses into humans (10). There are three
branches in the phylogenetic tree o f H IV-1 sequences, which constitute the M
(main), N (new o r non-M, non-O), and O (outlier) groups (11). Among these,
group M viruses are the variants of HIV-1 responsible for more than 99% of
infections worldwide.

The M-group viruses have been divided into distinct

genetic subtypes or clades, which are defined as groups of viruses that more
closely resemble each other than other subtypes, across the whole genome (12).
Using this definition, there are currently nine circulating genetic subtypes (A, B,
C, D, F, G, H, J, and K) within group M. The viruses originally identified as
subtypes E and I are now considered intersubtype recombinants. The prevalence
of intersubtype recombination strains is increasing and creates even more HIV-1
antigenic diversity. Several recombinant viruses have now spread epidemically
to establish distinct lineages. These are referred to as circulating recombinant
forms (CRFs), nine of which have presently been identified (13). CRFs have a
designation that includes the letters of the parent genetic subtypes (e.g.,
CRFO 1_AE) and in CRFs derived by recombination of more than three subtypes,
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the letters are replaced by cpx (complex), e.g., subtypes E and I are now termed
CRFO 1_AE and CRF04_cpx, respectively (12).

Currently, strains belonging to

the same subtype can differ by up to 20% in their envelope proteins, and
differences between subtypes can be up to 35% (14). Moreover, this diversity is
continually growing.
Globally, subtypes A and C account for most current infections followed by
subtype B and the intersubtype recombinants CRF01_AE and CRF02_AG.
Subtype C is currently infecting more people worldwide than any other and is
common in SouthernAfrica and India. Subtype B is dominant in Europe, the
Americas and Australia. Subtypes A and D infect large numbers of people in
central and eastern Africa.

In western Africa, an intersubtype recombinant,

CRF02_AG, is the dominant virus type.

CRFO 1_AE (which was previously

referred to as subtype E) is the most prevalent virus in southern Asia. As HIV-1
continues to spread globally, the geographical restrictions are increasingly
breaking down (11).
Superinfection.
Superinfection occurs when a cell becomes infected by at least two
genetically distinct HIV virions, which may be of the same subtype or of different
subtypes.

HIV may increase its potential evolutionary success through

recombination (15).

During HIV recombination, the. viral transcriptase (RT)

enzyme responsible for reverse transcription of RNA into cDNA can switch from
one viral RNA template to another, creating a new virion that is a chimera of the
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parental virions (i.e. CRF). In vitro experiments have demonstrated that HIV-1
undergoes 2-3 recombination events per genome per replication cycle (16). The
high rate of recombination allows HIV to evolve due to the introduction of a large
number of genetic changes.

Such changes can alter cell tropism, envelope

serotypes, viral pathogenicity, antiretroviral drug susceptibility, and disease
progression.
Viral Entry
HIV, like all retroviruses, is surrounded by an envelope consisting of a
host cell lipid bilayer and virus-encoded envelope glycoproteins, organized into
spikes on its surface, that are essential for viral entry into target cells. These
envelope spikes consist of turners of the surface glycoprotein (gp120), which
contains the binding domains for cellular receptors, attached to turners of the
transmembrane glycoprotein (gp41) that anchor the spike into the viral
membrane (17, 18).
To initiate a new infection, nascent particles need to encounter a potential
target cell that expresses the appropriate receptor structures. In the case of HIV,
these are the CD4 molecule, found principally on T lymphocytes, macrophages
and dendritic cells, and certain members of the chemokine receptor family, which
are termed coreceptors.

Initially, the specific CD4 binding domain of gp120

attaches with high affinity to the N-terminal membrane-distal domain of CD4.
Binding to CD4 induces a conformational change that exposes the chemokine
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receptor-binding domain of gp120, allowing it to bind the chemokine coreceptor.
Following coreceptor binding, a more dramatic conformational change exposes
the gp41 portion of the envelope previously buried in the interior of the complex.
This transient species, termed prehairpin intermediate, is formed by folding of the
N-terminal trimeric coiled coil, leading to the insertion of the N-terminal
hydrophobic fusion peptide region into the target membrane.

This prehairpin

intermediate then collapses to form a six helix-bundle structure in which the Cterminal regions pack into the hydrophobic grooves of the N-terminal coiled-coil
trimer in an antiparallel manner.

The formation of this “trimer of hairpins”

structure brings the viral and cellular membranes into close apposition, allowing
them to fuse and Causing release of the viral capsid into the cytoplasm (19, 20).
Following virus entry, subsequent intracellular events (e.g., nucleocapsid
uncoating and reverse transcription) take place, allowing virus replication in
acutely infected cells.
Synthesis and Assembly of Envelope Glycoproteins

In the infected cell, the HIV-1 envelope protein is initially produced as an
approximately 845- to 870-amino acid precursor in the rough endoplasmic
reticulum. Asparagine-linked, high-mannose sugar chains are added to form the
gp160 glycoprotein. Gp160 trimers are assembled and subsequently transported
into the Golgi apparatus, where cleavage by a cellular protease generates the
mature envelope glycoproteins: gp120 and gp41. The gp120 and gp41
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glycoproteins are maintained in the assembled trimer by noncovalent, somewhat
labile interactions between the gp41 ectodomain and a discontinuous structure
composed of NH2- and COOH-terminal gp120 sequences. When they reach the
infected cell surface, gp120 and the ectodomain of gp41 are exposed on budding
virus particles, whereas the membrane-spanning

anchor and the long

cytoplasmic tail of gp41 are inside the cells or virions (21).
Results from electronic microscopy show that mature HIV particles are
icosahedral and possess about 72 spikes forming densely arranged knobs on the
viral surface. The diameter of each knob is about 14 nm and its height is 9 to 10
nm; the distance from one to another is about 21 to 22 nm (22, 23)
The Structure of Gp 120 Glycoprotein

A comparison of gp120 amino acid sequences from different viral origins
revealed the existence of five variable regions (V1 to V5) interspersed with five
conserved regions (24).

Intramolecular disulfide bonds in gp120 result in the

formation of the first four variable regions into large, looplike structures that are
exposed on the surface of the protein, whereas the conserved regions fold into a
central core. The structure o f a gp120 core, lacking V1, V2, and V3 and the
COOH and NH2 termini, as well as most of the carbohydrates, and bound to the
N-terminal domain of CD4 has been solved by X-ray crystallography (25). The
gp120 core forms a globular structure, consisting of 25 (3-strands, five oc-helices
and ten loops. The structure folds to form two domains, an inner and outer
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domain, and a “bridging” (3-sheet in between the domains (Fig. 1).

The domain

names reflect the likely orientation of gp120 in the glycoprotein trimer: the inner
domain orients to gp41 whereas the outer domain is mostly exposed on the
surface of the trimer. The CD4 receptor-binding regions, located in a depression
formed at the interface of the outer and inner domains with the bridging sheet,
contain residues that are well conserved among primate immunodeficiency
viruses.

These regions, and also the inner domain surface, are devoid of

glycosylation. Although generally well conserved compared to the five variable
regions, the gp120 core also shows variability disproportionately on the surface
of the outer domain proximal to the V4 and V5 region. Such variability results
from the 8A, SC, SD and SE surface loops and also from the N-Iinked
glycosylation sites.
Much of the sequence of the core is highly conserved, which is likely a,
reflection of functional constraints.

In contrast, the sequence-variable loop

regions appear to be more malleable. Even under the uniform immune pressure
within the same infected individual, multiple sequences of the variable loops
coexist (26, 27).

This indicates that there are several different structural

solutions in creating viruses that replicate and resist neutralization optimally. The
multiplicity of variable loop structures facilitates the emergence of neutralizationresistant viruses, thus providing greater opportunities for rapid viral adaptation to
selective pressure in vivo.
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V1AZ2

stem
CC R5

Fig 1. Structure of the HIV-1 gp120 core. A Ca tracing of the gp120 core. The
inner gp120 domain is shown in red and the outer domain in yellow; the bridging
sheet is orange. The position o f the Phe43 cavity involved in CD4 binding is
indicated by an asterisk. The V4 loop was not resolved in the structure, and the
V1A/2 and V3 were shortened in the “core” protein compared to the HIV
sequence.

10

CD4-Bindinq Site.
CD4 binds in a recessed pocket on gp120, making extensive contact over
-800 A3 of the gp120 surface.
interface.
molecules.

There are two cavities at the gp120-CD4

The larger cavity (about 280 A3) is shallow and filled with water
It is lined with gp120 residues that do not form many direct contacts

with CD4. This hydrophilic cavity is lined with variable gp120 residues. The
second cavity (about 150 A3) is hydrophobic, and deeply buried within gp120.

It

is located at the interface between the three domains and is lined by highly
conserved residues. Most important of these are Asp-368, Glu-370 and Trp-427,
which surround the opening of the deep cavity and make contact mainly with
Phe-43 and Arg-59 of CD4. These residues are all conserved among primate
immunodeficiency viruses. Changes in these residues disrupt gp120 binding to
CD4 and to certain monoclonal antibodies with epitopes at the CD4 binding site
(25). When CD4 binds, its Phe-43 sidechain blocks the entrance of this cavity
(28).
Coreceptor Binding Site.
The conserved region of the coreceptor binding site on gp120 is located at
an approximately 90° angle to the CD4 binding site (29) and is comprised
principally of the bridging sheet, with an additional part from the base of V2 loop.
Importantly, exposure of this site requires that the gp120 first binds to CD4. This
induces a conformational change in gp120, which enables it to interact with one
of several chemokine receptors. The CC-chemokine receptor CCR5 is the major
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coreceptor for macrophage-tropic (R5) strains (30, 31, 32).

During the early

years of infection, CCR5 is an obligate receptor, and rare individuals that are
genetically deficient in CCR5 expression are relatively resistant to HIV-1 (33, 34,
35).

HIV-I isolates arising later in the course of infection often use another

chemokine receptor, CXCR4. Using CXCR4, T-cell-line-tropic (X4) viruses play
a role in disease progression or propagation in tissue culture (36, 37, 38, 39).
Studies of chimeric envelope glycoproteins demonstrated that the V3 loop
sequence of gp120 is a major determinant of which the chemokine receptor is
used (40).
The Immune Response to HIV in Infected Individuals
One key factor in the rational development of a vaccine against HIV is the
characterization of the immune correlates, and delineation of the specific portions
of the virus that elicit this response. It has been found that a few individuals
remain seronegative despite frequent HIV exposure, and a small population
(~5%) of HIV-infected individuals, termed long-term non-progressors, remains
asymptomatic for more than 15 years after infection. The study of these people
has indicated that they show high levels of non-major histocompatibility complex
(MHC)-restricted virus suppressor activity, together with strong polyepitopic
cytotoxic T lymphocyte (CTL) responses and broadly reactive neutralizing
antibody responses. These immune responses are able to maintain low viral
loads, stable CD4+ T cells, and the structure and functional organization of lymph
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nodes (41). Both neutralizing antibodies that prevent infectivity, and cytotoxic Tcells (CTL), which eliminate virus-infected cells, are considered important
elements for protection against HIV infection.
Cell-Mediated Immune Response.
CTLs are known as killer T cells because they recognize, bind, and kill
cells that display foreign antigens. A CTL response is highly desirable in an
AIDS vaccine because CTLs can eliminate or reduce virus production by killing
viral producing cells.

Evidence for this protective role comes from a variety of

observations. Early studies demonstrated that CD8+ T lymphocytes from HIV-1
infected individuals could suppress HIV-1 replication in autologous CD4+T
lymphocytes in vitro (42). A temporal association was identified in HIV-1 infected
patients between the appearance of virus-specific CD8+CTL in the peripheral
blood and decline of primary viremia in acutely infected patients (43, 44, 45).
Moreover, in those chronically infected with HIV-1, a high virus-specific CTL
activity is correlated with the maintenance of low virus load and a stable clinical
status (46).

Since MHC Class-I molecules present viral peptide fragments to

CTLs, some investigators have reasoned that certain class I molecules may bind
and display HIV-1 peptides more efficiently than others (47). In fact, correlations
have been demonstrated between certain HLA haplotypes and the rate of clinical
disease progression in HIV-1 infected individuals.

HLA-B27 and HLA-B57

expression were associated with slow disease progression (48), whereas HLA-
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B*3501 and HLA-Cw*04 expression were associated with rapid disease
progression (49).
Whereas the CTL responses observed in chronically HIV-1-infected
individuals are potent and persistent, they ultimately fail to control virus
replication. The virus can escape from CTL recognition through mutation of viral
epitopes (50).

Furthermore, HIV has evolved mechanisms to downregulate

expression of CD4 and class I MHC, cell surface proteins that are essential to
CTL recognition of viral antigens on viral producer cells (51). Thus, vaccines that
depend strictly on a CTL response may be countered by viral adaptations that
allow the virus to evade detection by T cells.
Humoral Immune Response.
Because CTL responses alone are unlikely to provide complete protection,
it will be important for an HIV vaccine to also elicit neutralizing antibodies (Abs) to
the virus.

Such Abs are dependent on memory B cells, a long-lived cell

population that can divide and differentiate into Ab-producing plasma cells upon
re-exposure to antigens, thus conferring long term protection.

Another

advantage of Abs is that they have the potential to inactivate the virus before it
has a chance to infect the cells of the host. Antibodies may also neutralize virus
indirectly by binding complement or promote antibody-directed cell-mediated
cytotoxicity (ADCC), thus leading to killing of infected cells.

Much of the

evidence about the importance of the humoral immune response was obtained
from studies in nonhuman primates. Neutralizing monoclonal antibodies (mAbs)
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have been shown to confer passive protection to rhesus monkeys against
challenge

with

a

highly

pathogenic

SHIV

(a

chimeric

simian-human

immunodeficiency virus that expresses the envelope glycoproteins of a primary
HIV-1 isolate) (52). Although it has been possible to generate antibodies against
the envelope protein o f HIV, such a ntibodies have had limited efficacy. They
neutralize laboratory-adapted strains, but are not effective against primary
isolates. Moreover they are often strain-specific. In natural infection, generally,
primary peak viremia declines before neutralizing Abs directed against HIV
envelope glycoproteins are detectable (53).

HIV-infected individuals may

generate potent neutralizing Ab responses to their autologous isolates, but such
responses take a long time to mature. Thus, by the time such neutralizing Abs
are generated, they are no longer able to suppress neutralization-escape
mutants that have arisen. To develop immunogens that elicit broadly neutralizing
antibodies and CTL’s, the extensive genetic diversity among different,strains and
clades of HIV must be taken into account.
Gp 120 Glycoprotein as an Antigen and Immunogen

The success of HIV in achieving persistent infections implies that the viral
envelope glycoproteins have evolved to be less than ideal immunogens.

The

analysis of the structure of core gp120 revealed multiple potential mechanisms of
immune evasion. Structures on the viral glycoprotein that are conserved among
diverse viral strains are poorly exposed to the humoral immune system. Studies
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of monoclonal antibody binding suggested the existence of two faces on gp120:
a neutralization face and a non-neutralization face (54, 55).

The non

neutralization face is buried within the gp120 trimer, but well exposed at the
surface of soluble monomeric gp120.

Indeed, this face induces a strong Ab

response in infected individuals, but these Abs do not exhibit neutralizing activity.
Spontaneous dissociation of gp120 from gp41, or release of gp120 from dying,
infected cells therefore results in presentation to B cells of highly antigenic
segments of molecule. However, Abs elicited to these regions are irrelevant to
neutralization (56) because such Abs cannot bind the assembled, functional
envelope glycoprotein complex (57).
The neutralization face induces Abs exhibiting neutralizing activity.
However, to escape the Ab response, this face is relatively occluded.

To

replicate, HIV-1 must interact with the CD4 receptor on target cells; thus, the
virus needs to keep the CD4 binding site conserved and exposed enough for
receptor binding. H owever, at the same time, HIV must hide this region from
antibodies. The first difficulty for Abs is to access the CD4 binding site recessed
within the gp120 core. The Fab of an Ab molecule is wider than CD4: two Ig
domains compared to one.

In addition, the binding site is flanked by variable

and heavily glycosylated regions (28). Since most carbohydrate moieties appear
as “self to the immune system, this may reduce the potential of these regions to
serve as an immunogenic target.

The large hydrophilic cavity at the CD4

binding site tolerates gp120 mutations, and this may facilitate viral escape from
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anti-CD4 binding site Abs. Some of the residues of gp120 contact CD4 through
their main-chain atoms.

This may allow the variation of these residues to

facilitate escape from neutralizing Abs without detrimental effects on CD4
binding.

However, some human monoclonal Abs characterized by mutation

analysis can recognize discontinuous epitopes at the CD4 binding site, called
CD4 binding epitopes (58, 59). This indicates that some broadly neutralizing Abs
could access the more recessed elements of the CD4-binding pocket.
Subunit Vaccine Strategies to Block Viral Entry
The exposure of HIV envelope glycoproteins on the surface of the virions
makes them prime targets for antibodies that potentially bind to the HIV
envelope, thereby blocking interactions between the virus and cellular receptors,
and preventing viral entry into the cells. Because protein subunits or peptides
are not very immunogenic by themselves, they have to be coupled with a variety
of carriers and formulated with adjuvants to increase their immuhogenicity.

Recombinant Proteins.
In view of the successful use of a recombinant protein as an immunogen
for eliciting protective immunity against hepatitis B virus (60,61), considerable
effort has been devoted to developing a recombinant protein vaccine for HIV-1.
Such recombinant proteins can be produced by expression of the viral gene
encoding envelope glycoproteins in tumor cell lines or insect cells. At least 13
different monomeric gp120 and gp160 candidate vaccines have been evaluated
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in prophylactic trials. Initial research focused on gp120, because it was simpler
to produce and did not pose any obvious disadvantages over gp160. The first
generation vaccines have been safe and immunogenic in diverse populations
and have induced neutralizing Abs in almost all recipients.

However, the

antibodies recognized linear epitopes exposed on denatured gp120 and did not
neutralize primary viral isolates (62, 63). In contrast, neutralizing Abs isolated
from

the

serum

samples

of

HIV-infected

patients

recognize

primarily

conformation-specific discontinuous epitopes (64). The reason for this is that the
native envelope exists as a trimer rather than a monomer and the most
immunogenic regions of envelope are hidden on the trimeric, virion-associated
form. This observation has led to the hypothesis that viral proteins maintaining a
tertiary conformation similar to the native virus may be attractive as vaccine
immunogens.

Thus, the use of oligomeric forms of gp120 as immunogens is

one strategy to improve the quality of the neutralizing Ab response. In order to
mimic the quaternary structure of envelope glycoprotein, gp120 and gp41 can be
stabilized by an intermolecular disulfide bond (65).

However, whether this

protein will be superior to existing imunogens still awaits clinical testing.
Because gp120 is heavily glycosylated (>50% carbohydrate by weight), it
has been proposed that the removal of carbohydrate moieties on gp120 may
expose hidden epitopes and lead to greater immunogenicity and to the
production of a better neutralizing Ab response (66). Another way to expose
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hidden epitopes is through the removal of variable loops that may be shielding
these regions (67).
Another strategy is based on the hypothesis that binding of gp 120 to CD4
might expose otherwise c ryptic e pitopes, or a Iter the immunogenicity o f extant
epitopes on gp120 that could enhance the potential for gp120 to elicit broadly
cross-reactive HIV neutralizing Abs.

In rhesus macaques, a gp120-CD4

complex, stabilized by covalent crosslinking, elicited Ab responses that neutralize
a wide range of primary HIV isolates, regardless of the coreceptor usage or
genetic subtype (68).
Peptide Vaccines.
Early exploration o f peptide vaccines for p reventing H IV-1 i nfection was
based on the supposition that the V3 loop of HIV-1 was the principal neutralizing
determinant of the virus and it was demonstrated that this determinant could be
mimicked antigenically by synthetic peptides (69).

However, it is generally

agreed that peptides alone are not suitable for developing vaccines because of
their poor immunogenicity.

To improve their immunogenicity, peptides are

conjugated with carrier proteins, such as bovine serum albumin (BSA) or keyhole
limpet hemocyanin (KLH) and then used together with Freund’s adjuvant or
aluminium hydroxide (alum) adjuvant for immunization in mice or rabbits.

An

attempt was also made to design multi-epitope vaccines, comprising two or three
different neutralizing epitopes for overcoming the problem of sequence diversity
among HIV isolates (70).
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Recently, prehairpin intermediate, a transient species formed by folding of
the N-terminal trimeric coiled coil of gp41, which leads to the insertion of the Nterminal hydrophobic fusion peptide region into the target membrane, has been
considered as a potential immunogenic target (71). It may be possible to trap or
mimic these conformational epitopes that are transiently expressed after the
binding of HIV to CD4 and prior to virus entry and incorporate them into an
immunogen. Peptides corresponding to the C-terminal heptad repeat of HIV-1
gp41 (C-peptides) when added exogenously, inhibit HIV-1 entry into cells by
binding to the trimeric coiled coil formed in a fusion intermediate by the Nterminal haptad repeat (N-region) of HIV-1 gp41, thereby blocking the formation
of the six-helix bundle necessary for fusion between the viral and cellular
membrane (72,73,74,75).

Similarly, the peptides derived from the N-terminal

heptad-repeat region of gp41 (N-peptides) block HIV-1 fusion by binding to the
C-helix region of the gp41 intermediate (76, 77, 78) or by intercalating into the Nhelix coiled-coil structure (79).
The Prime-Boost Strategy
In the absence of known immune correlates of protection, it would be most
prudent to develop a vaccine that stimulates multiple components of the immune
system.

A combination of long-lived memory T cells, both CD8+ CTLs and

CD4+memory helper T cells, will probably be needed for a highly effective HIV
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vaccine. At the same time, a strategy to induce broadly neutralizing antibodies
will be required for highly effective, long-lasting immunity.
It has been demonstrated that a recombinant protein immunogen,
formulated with any available adjuvant, cannot efficiently elicit a CTL response.
However, such immunogens may prove useful for eliciting neutralizing Abs and
prove efficacious in combination with other vaccine strategies. Viral, bacterial,
and DNA vectors induce cell-mediated immunity, whereas recombinant envelope
proteins are needed to elicit significant levels of neutralizing Abs. Thus, primeboost protocols, which consist of priming with a live virus vector (e.g. a
recombinant canarypox expressing HIV proteins) followed by boosting with
recombinant gp120 (80) are the only immunization schedules today that can elicit
both a humoral and a cellular immune response.

Moreover, a DNA prime

followed by boost with both the DNA and envelope protein could be an effective
vaccine strategy.
The Structural Differences between Primary Isolates and TCLA

As described above, subunit vaccines based on soluble monomeric gp120
or gp160 induce Abs that can neutralize only T cell line-adapted (TCLA) isolates
but not primary isolates (62, 63).

The reason for this is that the most

immunogenic regions of the envelope are hidden on the trimeric, virionassociated form. Moreover, certain regions that appear to be well exposed on
the envelope trimers of TCLA are poorly exposed on the primary isolates (81). In
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particular, two major epitopes present on TCLA virus envelopes, the CD4 binding
domain and the V3 loop, are not very accessible. Consequently, most anti-CD4
binding site Abs and anti-V3 loop Abs cannot recognize envelopes from primary
isolates efficiently (82). As described above, the gp120 functions in virus entry.
In order to bind a receptor, it must expose constant regions; but in order to avoid
immune detection, it must hide constant regions. This functional dilemma results
in viruses that are optimized differently depending on the selective conditions
under which the virus grows. Under the selective pressure encountered in vivo,
primary isolates tend to obscure epitopes and display high resistance to
neutralization.

The high level of glycosylation of gp120 and the occlusion by

variable loops are also the reasons for the inaccessibility of epitopes on native
envelope of primary isolates (83). Replacement of the V1A/2 and V3 variable
loops of a TCLA with those of a neutralization-resistant primary isolate creates a
virus similar to the parental primary isolate (30, 31).

Moreover, the native

envelope glycoproteins of primary HIV-1 isolates have weaker antigenicity than
those of TCLA isolates, probably due to both a low intrinsic antigencity and a low
cell surface expression level (84).
A model based on the gp120 structure has been proposed. The principal
features of this model are that gp120 may have two (or more) conformational
states and may alternate between them. In the closed conformation, the CD4
binding site is obscured by the V1 and V2 loops and the conserved chemokine
receptor binding site is masked by the V3 loop, whereas in the open
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conformation these surfaces would be exposed (81). Upon CD4 binding, gp120
may be locked into the open state. It has been speculated that primary isolates
may carry a gp120 for which the closed state is more energetically favorable, so
the viruses are more resistant to neutralization.

On another hand, viral

adaptation to cell lines may select for an envelope with a more relaxed
conformation, resulting in viruses more sensitive to neutralization.
Statement of Problem
The development o f an HIV vaccine has proven an enormous scientific
challenge. Because HIV persists indefinitely as a proviral DNA once it has
infected cells, it is almost impossible to get rid of the HIV-1 completely by CTL
alone. Humoral immune responses may control the virus before HIV-1 gets the
chance to enter into the cells.

A promising approach for vaccine design,

therefore, is targeting HIV-1 entry. Effective strategies that inhibit viral entry are
now feasible, because of new understanding of the entry process and the
molecular structure and biology of the virus and its cellular receptors. However,
in spite of the many attempts that have been made at vaccine development,
none h ave s eemed unsuccessful. There a re a n umber o f r easons why it has
been difficult, but the main reason involves the many adaptations of HIV to avoid
and thwart the immune system. Indeed, simply generating Abs is no challenge.
Rather, the d ifficulty Iie s in th e identification o f i mmunogens that stimulate the
production of broadly neutralizing Abs. Currently, envelope glycoproteins are the
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prime target because they are located on the viral surface and exposed to the
immune system. However, they are not ideal immunogens because of their low
immunogenicity. Moreover, HIV-1 obscures its conserved neutralizing epitopes
by many mechanisms: a recessed conserved CD4 binding site, shielding by
variable loops and carbohydrate, and a favorable closed conformation. The fact
is, that some patients do make Abs to CD4 binding site even though it is
“hidden”, and therefore it is useful to study such Abs. When mAbs, which were
obtained from HIV-infected patients and specifically bound to HIV gp120, were
used to screen phages from random peptide phage display library the selected
phage sequences could mimic the epitopes on gp120.

Thus, the synthetic

peptide sequences corresponding to the sequences of selected phages
presumably mimic residues of gp120 which interact with the mAbs, and therefore
act as “mimotopes”. Using these peptides* which represent epitopes specifically
bound to a mAb as antigens might elicit antibodies with similar specificity for
gp120 as the original antibodies obtained from HIV-patients.
The discontinuous gp120 structures at the receptor-binding sites are a
good choice for antigens because they exhibit a relatively high degree of
conservation, in keeping with the minimal polymorphism in the host cell
receptors.

The CD4 binding site constitutes a particularly attractive target.

Although it is partially masked, it appears to be accessible to Abs, more than the
conserved elements of the chemokine receptor-binding site, which is only
transiently exposed upon CD4 binding.
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For the project described here, F105 and 5145A, two human monoclonal
Abs reacting with a conformationally determined epitope at the CD4 binding site
of HIV-1 strains MN, RF, NIB, and SF2 were used to screen a random peptide
phage display library.

A group of residues on selected peptides could mimic

conserved residues in a conformational epitope at the CD4 binding site on HIV-1
gp120. Such peptides were used as antigens, coupled with a variety of carriers
and formulated with adjuvants to increase their immunogenicity. The goal was to
elicit Abs that could bind gp120 and act as an immune surveillance to bind HIV-1
and interfere with its binding to CD4, before the virus has had the chance to enter
into cells. To get full immune protection, it would be beneficial to use such a
peptide vaccine along with a vaccine inducing cell-mediated immunity, but only
the former was the object of this study.
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CHAPTER TWO
PEPTIDE-CARRIER CONJUGATES
Introduction
HIV prevalence rates are greater in undeveloped and developing countries
where the high cost of anti-viral drugs place them far beyond the reach of most
people.

Consideration of the ideal requisites of any vaccine include not only

efficacy in inducing protective immunity, but also safety and low costs.
Generally, synthetic peptides are insufficiently immunogenic to serve as
vaccines. However, such synthetic peptides become more immunogenic when
biochemically or genetically fused to a carrier molecule. Ovalbumin (OVA) and
keyhole limpet hemocyanin (KLH) are widely used carrier molecules.

Due to

their large molecular mass and strong immunogenicity, they can impart
immunogenicity to peptides that have been linked to them.

Plant and animal

viruses have also been developed as epitope-presentation systems. Commonly
used carrier molecules are the coat protein of flock house virus (85, 86), tobacco
mosaic virus (87,88), potyvirus-like particle (89, 90), potato X virus (91), and
alfalfa mosaic virus (92). One approach involves the engineering of virus coat
proteins to function as carrier molecules for antigentic peptides and present such
immunogenic peptides to the immune system.

The use of a plant virus

expressing therapeutic proteins offers advantages over animal viruses, such as
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increased safety and reduced costs of production. When used to infect their
natural hosts, some plant viruses cause the plants to produce relatively large
amounts of a desired immunogenic protein that can be easily purified from the
plants.

This makes plant viruses well suited as transient expression vectors.

Moreover, some recombinant plant virus capsid proteins can be expressed in
heterologous systems (87, 89, 90) due to their potential to self assemble.
Regarding safety issues, plant viruses are not known to induce disease in
mammals. F o rv iruses transmitted mainly via mucosal surfaces such as H IV-1
(93) the vaccine should activate the mucosal-associated immunity system if
administered orally or intranasally (94, 95). The possibility to carry out an oral
delivery of vaccine-expressing plants would be another advantage. However, a
limitation of engineering virus coat proteins as carriers is the failure of virus
assembly when even moderate-sized peptides are incorporated into the coat
protein. Thus, it is desirable to have information regarding the structure of the
coat protein to be modified so that sites for insertion can be selected to minimize
potential changes in the tertiary structure of the protein.
Cowpea Chlorotic Mottle Virus (CCMV)

CCMV is a member of the bromoviridae family (alpha virus-like
superfamily) and bromovirus genus.

The virus infects cowpea plants (Vigna

unguiculata (L ) var. California Blackeye) and some tobacco plants (e.g.
Nicotiana benthamiana), causing discoloration on the leaves, The CCMV
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genome

consists of three

molecules.

unique,

single-stranded,

positive-sense

RNA

Replication of CCMV is initiated by translation of monocistronic

genomic RNAs 1 and 2, which encode proteins involved in RNA-dependent
replication (96). The two gene products encoded by dicistronic genomic RNA 3,
the 32 kDa-movement protein (MP) and the 20 kDa-coat protein (CP), are
dispensable for replication, but are required for plant infections. The 5’-proximal
gene, encoding MP, is translated directly from genomic RNA 3, whereas the 3’proximal gene encoding CP is translated from a subgenomic RNA 4 that is
generated from progeny negative-sense RNA 3 after infection (96). The CCMV
RNAs are encapsidated separately into virus particles, all with similar or identical
capsid structures (97).

RNA 1 and RNA 2 are each packaged into separate

capsids. RNA 3 and RNA 4 are co-packaged into a third particle in a 1:1 molar
ratio (98). All three virions are required to establish infection of plants.
The viral capsid is composed of 180 chemically identical protein subunits
(19,800 Da; 190 amino acids) which form a 286 A° diameter icosahedral shell
with T=3 quasi-symmetry (99, 100, 101). The arrangement of multiple copies of
a single gene product arranged with icosahedral symmetry provides a genetically
economical way to generate an envelope that can package and transport the
viral genome between cells of a susceptible host and between hosts.

The

structure of CCMV has been determined to 3.3 A° resolution by X-ray
crystallography (102).

The quaternary structure displays 32 doughnut-like

capsomers consisting of 12 pentamers and 20 hexamers extending above the
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protein shell. Each coat protein subunit is comprised of eight strands folded in a
canonical antiparallel p-barrel: two apposed p-sheets, each with four antiparallel
strands. The connections between two strands on opposite sheets are made by
short loops exposed on the outside of the capsid, containing residues 59-65, 98104, 129-134 and 161-168, respectively (Fig 2.1). If a foreign sequence were
successfully incorporated into one of these loops it would result in the formation
of chimeric virus particles carrying 180 copies of the peptide per virion. The Cterminal and N-terminal arms of the CP extend in opposite directions away from
the p-barrel core.

These extensions play a major role in forming the viral

quaternary structure by tying subunits together in the whole virion.
The native CCMV virion has divalent metal ions associated with it and has
a sedimentation coefficient of 88S in sucrose density gradients. CCMV is stable
at pH 5.0 and low ionic strength (/<0,2). Increasing the pH to >7 and maintaining
a low ionic strength (/'<0.2) induces swelling of the virion by approximately 10%
and changes the sedimentation coefficient to 78S. Virions can be disassociated
into their coat protein and RNA components by further increasing the pH (>7.4)
and ionic strength (/>1.0). However, mutation of an A to a G at position 1484 of
RNA 3 (position 134 of RNA 4), which results in a lysine to arginine substitution
at position 42 of the coat protein, confers a “salt stable” phenotype. Unlike the
wild type virus, the K42R mutant resists disassembly at pH 7.5 and high ionic
strength (/>1.0) (103). The wild-type virus can be reassembled into particles by
the reverse reaction. At low pH (<5) and moderate ionic strength (/-0.2-1.0), the
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C-terminal extension

Fig 2.1 Ribbon diagram of the CCMV coat protein subunit. The N-terminal arm
contains residues 1-51 (residues 1-27 are not shown). The central, eightstranded, antiparallel, (3-barrel core is formed by amino acid residues 51-179.
The C-terminal arm is formed by residues 180-190.

30

purified coat protein spontaneously reassembles into T=3 particles even in the
absence o f R NA ( empty particles). T he CCMV coat protein can recognize its
own RNA and assemble to form T=3 RNA-containing virions that are infectious
and morphologically indistinguishable from native virions purified from plants
(104).
In vaccine production, safety is one of the main concerns. Using viruses
containing nucleic acids raises concerns about viral replication in the body. As a
carrier molecule, CCMV offers an advantage in circumventing this concern.
CCMV coat proteins displaying desired peptides can be expressed in a
heterologous system, such as in Escherichia coli (97,

104) or yeast

(unpublished), and subsequently assembled to form virions devoid of viral RNA
under appropriate conditions.

Cowpea Mosaic Virus (CPMV)
CPMV is a member of the comovirus group of plant viruses. The virus
infects legumes, such as cowpea (Vigra unguiculata var. blackeye).

Its genome

consists of two separately encapsidated positive-strand RNA molecules of 6.0-kb
(RNA1) and 3.5-kb (RNA2). Both RNAs are required for plant infection. RNA 1
encodes the proteins involved in replication, whereas RNA 2 encodes proteins
involved in cell-to-cell movement and encapsidation (105).
The structure of CPMV has been solved to atomic resolution (106).
CPMV capsids contain 60 copies each of a large (L) and a small (S) coat protein
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(CR) arranged with icosahedral symmetry.

The large CR is homologous in

structure to 2 small CPs that are covalently linked, thus one icosahedral
asymmetric unit of the virus is comprised of three anti-parallel (^barrel structures.
In total, 180 p-barrel domains comprise the pseudo T=3 structure of CPMV. The
strands of the p-barrels are linked with loops of varying size and sequence.
Importantly, the BC loop of the S protein is highly exposed on the capsid and
shows a high degree of variability when compared in three different comovirues
(107).

This suggested that foreign sequences could be inserted at this site

without abolishing normal virus infection. Thus, the BC loop of the S protein was
selected as the insertion site.

Plants infected with virus harboring epitope

sequences at this site were shown to produce S protein with the antigenic
properties of the inserted epitope (108,109,110). So far, more than 50 different
CPMV-based chimeras have been produced.

In many cases, the presence of

the heterologous sequence does not affect the ability of virus to grow in plants,
and yields of modified virus are similar to those obtained from plants infected with
wild-type CPMV. However, for the genetic stability of chimeras, the size of insert
cannot exceed 30 amino acids (109).

Expression of CCMV Capsids in Pichia pastoris
Pichia pastoris has been developed as a high-level expression system for
recombinant proteins (111). As a eukaryote, P. pastoris has many advantages
over E.coli for expression of eukaryotic proteins, such as protein processing,
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protein folding, and posttranslational modification similar to those of higher
eukaryotes.

Moreover, it is easier, faster, and less expensive than higher

eukaryotic expression systems, such as baculovirus-infected insect cells or
mammalian tissue culture. As a yeast, it has the advantages of easy molecular
and genetic manipulations 10 to 100-fold higher expression levels than metazoan
cells. In addition, although yeasts have a majority of their N-Iinked glycosylations
of the high mannose type, the carbohydrate chains in Pichia are much shorter
than those in S. cerevisiae, and therefore more like the glycosyiation of
mammalian proteins.
P. pastoris is a methylotropic yeast, capable of metabolizing methanol as
its sole carbon source. In the first step of this metabolism, methanol is oxidized
to formaldehyde and a toxic by-product, hydrogen peroxide, by the alcohol
oxidase in the presence of oxygen. To avoid hydrogen peroxide toxicity, this
reaction takes place within a specialized cellular organelle, called the
peroxisome, which sequesters hydrogen peroxide away from the rest of the cell.
Due to the poor affinity for O2 of alcohol oxidase, P. pastoris compensates for
this disadvantage by producing a large amount of the enzyme under the control
of a highly efficient promoter. Therefore, the promoter regulating the production
of alcohol oxidase is the one used to drive heterologous protein expression in
Pichia. Two genes in P. pastoris code for alcohol oxidase: AOX1 and AOX2.
The AOX1 gene is responsible for the vast majority of alcohol oxidase in the cell.
Under methanol induction, the AOX1 gene is expressed to very high levels,
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typically more than 30% of the total protein in cells. In spite of 97% homology to
AOX1, AOX2 metabolizes methanol much more slowly than AOX1. If cells lose
the AOX1 gene, they lose most of the cell's alcohol oxidase activity. This results
in a strain with the methanol utilization slow phenotype (Muts). Expression of the
A0X1 gene is controlled at the level of transcription. The regulation of the AOX1
gene is a two-step process: a repression/derepression mechanism plus an
induction mechanism. To optimize induction with methanol, cells first need to be
grown in minimal media containing glycerol (MGY) to derepress transcription,
and then subsequently grown in minimal media containing methanol (MM) to
induce expression.
Heterologous genes can be introduced into Pichia using the pPICZA
plasmids (Invitrogen, San Diego, CA). This vector contains a 5 AOX1 region that
is homologous to the AOX1 locus in Pichia, allowing plasmid integration into
chromosomal DNA via homologous recombination.

High-level expression in

Pichia is methanol-inducible under the control of AOX/ promoter. The vector also
contains two additional promoters, PTEFI and PEMJ1 driving Zeocin resistance
gene expression in Pichia and E.coli,. respectively, thereby allowing Zeocin
selection in both organisms (111).

Fusion proteins containing a C-terminal

histidine tag can be easily purified on a Ni2+ column by affinity chromatography.
Moreover, a myc epitope preceding the polyhistidine tag permits detection of the
fusion protein using anti-myc antibodies. Integration can only occur at the A0X1
locus. Vector linearized within the 5’A0X1 region will integrate by gene insertion
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into the host 5’ AOX1 region. The Pichia strain X-33 used has a Mut+ phenotype
and is able to metabolize methanol (111).

Pichia is capable of integrating

multiple copies of transforming DNA via recombination into the genome at sites
of sequence homology. The frequency of multi-copy insertion ranges from 1 to
10%, thus, many transformants must be tested for expression in order to select a
clone with multiple copies of the gene and therefore a high expression level. Dot
blots are used to screen multi-copy integrants using anti-CCMV polyclonal
antibodies. Multi-copy integrants should show higher level of protein expression.
After selecting the clones with highest expression, a 1 liter-culture is grown to
isolate and characterize the desired protein.

Conjugation of Peptides to Carrier Proteins
As mentioned above, peptides are often poor immunogens but can be
made highly immunogenic by coupling them to a suitable carrier molecule. All
carriers used in the experiments described below were linked to the designated
peptides by either a heterobifunctional linker covalently coupling amino groups
on lysine sidechains of a carrier to a suIfhydryl group on the cysteine sidechain of
a peptide, or a homobifunctional linker coupling between two suIfhydryl groups of
cysteine sidechains on a carrier and a peptide, respectively.
Due to its many lysine sidechains (6% by mass) and large size, KLH is
one of the most widely used carriers for immunization of laboratory animals.
Activated by covalently coupling to sulfo-SMCC at its amino groups, a
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commercially available activated KLH (Pierce Chemical Co.) has the sulfhydrylreactive maleimide on the linker available to covalently couple to cysteine groups
on another protein or peptide.
Peptides were linked to CPMV as a carrier using sulfo-SMCC. There is
only one reactive lysine sidechain on the outer surface o f the viral capsid per
large and small subunit pair.

Thus the activated virus carries 60 sulfhydryl-

reactive maleimide groups on the linkers available for coupling to suIfhydryl
groups on another protein or peptide. However, CCMV contains at least 6 lysine
residues per coat protein subunit that appear to be accessible to a linker.
Coupling the linker to CCMV with so many reactive lysine sidechains on the
surface may cause unwanted reactions, such as coupling too many peptides per
subunit o r viral aggregation. 11 would be optimal if CCMV contained only one
reactive I ysine residue per subunit on the surface but it would be laborious to
replace so many lysine residues in the CCMV sequence. Thus, rather removing
lysine residues, adding a cysteine residue, where there were previously none on
CCMV surface, was considered a better option.

Due to concerns about viral

aggregation, the introduced cysteine should not be too exposed on the surface
where it would easily couple to a cysteine from another virus.

The cysteine

substitution should also not result in two cysteines on adjacent subunits being
close enough to cause unwanted coupling between cysteines and loss of a
peptide coupling sites. On the other hand, the sites should not be too buried,
making them inaccessible to linker. Based on examination of the crystallographic
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structure of CCMV, 3 different residues, S73, S130 and A l 52, were chosen for
cysteine substitution by site-directed mutagenesis.

When looking at the 32

doughnut-like capsomers, S73 and A l 52 of each CCMV coat protein subunit are
located on the outside, while S I30 is on the inside of doughnut shape. The
closest distance to the same residue on an adjacent subunit is 20A°, 15.44A° and
12.97A°, for S73, A l 52, and S I30, respectively (Fig 2.2). The mutated CCMVs
were all made.in the K42R background, and are termed S73C, A152C and
S130C, respectively.
Peptides were synthesized chemically corresponding to the sequences of
phage selected from a random peptide phage display library using human mAbs
F105 and 5145A, which recognize conformation-dependent epitopes at the CD4
binding site of HIVgpI20. The synthetic peptides specifically inhibited binding of
their corresponding mAbs both to the respective phage and to gp120 (J. Jacobs,
unpublised). Presumably these sequences mimic residues of gp120. In order to
be able to couple to a carrier with a suIfhydryl-reactive linker, a cysteine residue
was added to the sequence of the synthesized peptides at the C-terminal end.
This allowed the N-terminus of the attached peptides to be free, as they were on
the N-termihal end of the pill in the phage that had been selected.

Crosslinkinq Reagents

Crosslinking reagents contain two reactive groups, thereby providing a
means of covalently linking two target molecules. In homobifunctional
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Fig 2.2. Structure of CCMV virion showing residues changed to Cys on the
capsid surface: S73 (white), S I30 (red), A l52 (orange). Two hexamers and one
petamer are shown.
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crosslinking reagents, the reactive groups are identical, permitting conjugation
between the same functional groups.

On another hand, heterobifunctional

crosslinking reagents contain dissimilar functional groups allowing the formation
of crosslinks between unlike functional groups.

When either of these

crosslinking reagents is used to conjugate two different biomolecules, they may
result in high molecular weight aggregates.

Thus, the reaction needs to be

controlled to optimize the stoichiometry of target molecules.
Bismaleimidohexane (BMH)
BMH is a homobifunctional crosslinker containing two maleimide groups
that are selective for thiol (a.k.a. suIfhydrylj groups (-SH), such as those on
cysteine residues of target molecules (112). The reaction involves addition of the
thiol across the double bond of the maleimide to yield a thioether. The thioether
linkage between the maleimide group and the reacted suIfhydryl is very stable
and cannot be cleaved under physiological conditions. However, primary amines
can react with maleimides and compete in the reaction. To have the maleimide
group be more selective for suIfhydryl groups, the pH of the reaction mixture
needs to be kept between 6.5 and 7.5.

At pH 7, the rate of reaction Of a

maleimide with sulfhydryls is 1,000-fold faster than with amines (-NH2). Above
this pH range, the reaction rate with primary amines becomes more significant.
At a pH above 8, maleimides can also be hydrolyzed to a mixture of isomeric
nonreactive maleimic acids and this reaction competes significantly with thiol
modification (112). A protein containing a sulfhydryl group must have it in a
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reduced form to react with the maleimide: if necessary a reducing agent may be
added to make sure the sulfhydryl group is reduced. However, BMH will cause
virus-virus crosslinks or inter-subunit crosslinks if added in excess, so there is a
need to couple to the peptide and purify first prior to coupling to the virus.
AZ-SuccinimidvI 3-(2-Pvridvldithio) Propionate (rSPDP)
SPDP is a heterobifunctional, cleavable cross-linker, containing one Nhydroxysuccinimide (NHS) group and one pyridyl disulfide.

These functional

groups react with primary amines and sulfhydryls, respectively.

When

conjugating an amine-containing protein with a sulfhydryl-containing peptide
using SPDP, the amine-containing protein is first conjugated to the linker via the
NHS-ester group.
bonds.

Amide bonds are formed, which are as stable as peptide

The free sulfhydryl-containing peptide is then added to the 2-pyridyl

disulfide-activated protein.

A sulfhydryl exchange can occur between the

peptide’s -SH group and the 2-pyridyl-disulfide group.

As a result of this

reaction, pyridine-2-thione is released and a disulfide crosslink is formed (113).
The pyridine-2-thione released after the reaction with free-suIfhydryl peptide can
be measured kinetically at 343 nm to determine how well the peptide reacts with
SPDP. D isulfide link between SPDP and sulfhydryl-containing peptide can be
cleaved under reducing conditions (e.g. in reducing SDS-PAGE) but should be
stable in the extracellular oxidizing environment in vivo.
Primary amines, such as e-amino groups on lysine side chains in proteins
are the principal targets for NHS-esters. The most significant factor affecting an
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amine’s activity is its basicity. A pH o f 8.5-9.5 is usually optimal for m edifying
lysine residues. The rate of hydrolysis of an NHS-ester increases with pH and
thereby competes with the NHS-ester acylation reaction. Hydrolysis occurs more
readily in dilute protein or peptide solutions. In more concentrated solutions, the
acylation reaction is favored (113).

Sulfosuccinimidvl4-(N-Maleimidomethv)Cvclohexane-1-Carboxvlate(SuIfoSMCC)
SuIfo-SMCC is another heterobifunctional linker, consisting of one Nhydroxysuccinimide (NHS) group and a maleimide group.

These functional

groups react with primary amines and sulfhydryls, respectively. Most often, the
NHS reaction is first performed at pH 7-9, and then excess crosslinker is
removed.

Addition of free-suIfhydryl peptide allows the maleimide to react with

the suIfhydryl group.

Unlike SPDP, the linkage made by sulfo-SMCC to the

sulfhydryl is uncleavable. Thus, addition of dithiothreitol (DTT) or other reducing
agents does not cleave the peptide from the carrier protein. The only competing
reaction for both the NHS group and the maleimide is hydrolysis. At high pH,
maleimides may react with amines, so the reaction needs to be at pH 6.5-7.5 for
the maleimide coupling reaction (114).
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CHAPTER THREE
MATERIALS AND METHODS
In vitro Site Directed Mutagenesis

To insert a sequence from constant region 4 and variable region 4 (V4C4)
of HIVgpI20 IIIB into CCMV coat proteins, the complementary mutagenic
oligodeoxynucleotides 5’ TACAGCAGTGCGGCTCTCACTCGCATAAAGCAGAT
AATAAATATGTGGCAGGAGGTGGGCAAGGCGATGTACGCGCCACCGATATC
CGGCCAGATACGCGAGGGCGACGTCATC 3’ and 5’ GATGACGTCGCCCTCG
CGTATCTGGCCGGATAICGGTGGCGCGTACATCGCCTTGCCCACCTCCTGC
CACATATTTATTAT CTGCTTTAT GCGAGT GAGAGCCG CACT GCTGTA3’,
which contain the coding sequence for residues 419 to 444 of gp120: RIKQ
FINMWQEVGKAMYAPPISGQIR (Fig 3), were used in conjunction with pCC3
(96). The oligonucleotides also contain CCMV RNA 3 nucleotides 1834-1869
and incorporate an EcoRV site (underlined) for screening mutant clones. This
construct results in insertion of the gp120 sequence between CCMV coat protein
residues 164 and 165.

Each oligonucleotide primer (125 ng, 22 nM) anneals to

its complementary strand o f the denatured plasmid (5-50 ng) and is extended
during temperature cycling by means of Pfu DNA polymerase (2.5 U)
(Stratagene, San Diego, CA). The incorporation of the oligonucleotide primers
results in a nicked mutated double stranded plasmid. This product was treated
with Dpn I (10U) to digest nonmutated methylated and hemimethylated parental
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DNA. The remaining mutated nicked double stranded DNA was transformed into
XL-1 Blue supercompetent cells (Epicurian Coli XL-1 Blue, Stratagene) to repair
the nicks in the mutated plasmid.

Following transformation, colonies were

selected on LB-ampicillin agar plates (1% tryptone, 0.5% yeast extract, 1% NaCI
and 1.5% agar, pH 7.2 with ampicillin 100 pg/ml) at 37°C for 18 hrs and screened
by plasmid isolation and EcoRV enzymatic digestion. The DNA sequences of the
EcoRV-positive clones were confirmed using fluorescent dideoxynucleotides
(Bigdye, Applied Biosystems Inc).
Insertion of Gp120 Loops into the CCMV Coat Protein
A “short loop” corresponding to residues G379GEFFY384GPR419IKQ
FINMWQEVGKAMYAPPISGQIR444of HIV-1 gp120 and a long loop G379GEFFYC
NSTQLFNSTWFNSTWSTEGSNNTEGSDTITLPCRIKQFINMWQEVGKAMYAPP
ISGQIR444 encompassing the V4C4 region of HIVgpI20 (Fig 3) were each
inserted at a BamHI site introduced between codons 159 and 160 of the CCMV
coat protein gene in pCC3 (provided by Mark Young, Department of Plant
Sciences). The “long loop” represents a region of gp120 bounded by 2 cysteines
forming a disulfide bond. The short loop was designed to eliminate the V4 loop
portion between C355 and C3881replacing it with a GP to make a reverse turn. For
the

short

loop,

oligonucleotide

primers were designed

TCGGATCCCTGGAGGGGAATTTTTC 3’

and

as follows:

5’

5’ TCGGATCCCTCTAAT
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TTGTCCACTGATG 3’ sense and antisense, respectively. For the long loop, 5’,
TCGGATCCCTGGAGGAGAATTCTTCTACGGCCCATGCAGAATAAA ACA 3’
was used together with the antisense strand primer used for short loop. SamHI
sites (underlined) were included at the ends of the oligonucleotides for cloning
into the SamHI site of vector.

PCR was performed using HIV NL4-3 (HxB2)

gp140 or gp120 DNA as templates, and the PCR products obtained were
digested with SamHI and ligated into the SamHI-Iinearized vector. Following
ligation and transformation into E. coli XLI blue or DH5a, colonies were selected
on LB-ampicillin agar (100 pg/ml) at 37°C for 18 hrs and screened by PCR for the
short loop or by Seal enzymatic digestion for the long loop. The constructs were
confirmed by sequencing the cloned plasmid DNA.

Insertion of Gp120 Residues 419-444 into the CCMV Coat Protein
Sequences at the codons for residues 63, 102, 114, and 129, located in
each of the surface-exposed loops of the CCMV coat protein were mutagenized
by Mark Young’s group to incorporate SamHI sites into pCC3. HIV gp120
residues R419IKQ FlNMWQEVGKAMYAPPISGQIR444, from the C4/V4 region that
also contacts CD4 (Fig 3), were inserted into each of the 4 CCMV loops using the
complementary

oligonucleotides:

5’GATCCGCATAAAGCAGATAATAAATAT

GTGGCAGGAGGTGGGCAAGGCGATGTACGCGCCACCGATATCCGGCCAGA
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TACGCG

3’

and

5’

GATCCGCGTATCTGGCCGGATATC

GGTGGCGCGTACATCGCCTTGCCCACCTCCTGCCACATATTTATTATCTGC

T TTATGCG3’, which contain the coding sequence for the HIV gp120 fragment
and an EcoRV site (underlined), with SamHI 5’ cohesive ends. Prior to ligation,
oligonucleotides were 5’ phosphorylated using T4 kinase and annealed to each
other.

The product was subsequently ligated into each of the 4 SamHI-

Iinearized vectors.

Following transformation, colonies were selected on LB-

ampicillin agar (100 pg/ml) at 37°C for 18 hrs and screened by PCR and EcoRV
enzymatic digestion. The identities of the resulting clones, with the HIV insert at
residues, 63, 102, 114, or 129, were confirmed by sequencing.

Insertion into the Yeast Vector pPICZA

To express the CCMV capsid proteins with HIV gp120 residues 451-466
exposed i n each o f 4 d ifferent I oops in the yeast Pichia p astoris, t he c himeric
genes described above needed to be cloned into pPICZA.

The plasmids

described in the previous section were amplified by PCR with oligonucleotides 5’
GATAGTAAGAATTCATGTCTACAGTCGG 3’, corresponding to CCMV RNA 3
nucleotides 1346-1374 3’ of the EcoRI restriction site (underlined), and 5’
GTAACGGTCGACAGCGGGC 3’, complementary to CCMV RNA3 nucleotides
1934-1953 3’ to a Sail site (underlined). The PCR product was digested with
EcoRI and Sa/I, and then ligated into EcoRI-XhoI-Iinearized pPICZA vector.
Prior to transformation into E. co//DH5a or XL I blue, the ligated DNA was
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digested with Kpn\ to eliminate vectors religated without the CCMV insert.
Clones were selected on low salt LB-Zeocin agar (1% tryptone, 0.5% yeast
extract, 0.5% NaCI1 pH7.0 with 25 ng/ml Zeocin), at 37°C for 18 hrs.

The

resulting clones were analyzed by EcoRV enzymatic digestion and confirmed by
DNA sequencing.

In vitro RNA Transcription of CCMV cDNA and Plant Inoculation
RNA was synthesized in vitro by T7 polymerase using a T7 megascripts
kit (Ambion). The plasmid templates, which contained an HIV gp120 sequence
inserted into a CCMV coat protein gene downstream of a bacteriophage T7
promoter, was cut on the 3’ side of the CCMV gene using XbaI. The digested
plasmid was treated with Proteinase K and extracted with phenol/choroform prior
to ethanol precipitation of the plasmid. The T7 RNA polymerase transcripts were
generated and capped by incorporating cap analog (M7G(5’)ppp(5’)G) at the 5’
terminal G of the transcript during the transcription reaction (37°C for 2 hrs).
After the transcription reaction was completed, DNase I was added to remove the
template DNA and the reaction was terminated with ammonium acetate stop
solution (provided in the kit). To analyze the yield of in vitro transciption products,
RNA was run on an agarose gel containing formadehyde (0.6 g agarose and 31
ml H2O melted and cooled to 55°C, then added to 10 ml 5XMOPS (10 ml 0.5 M
EDTA, 20.94 g MOPS, 0.42 g sodium acetate, in 1 liter DEPC-treated water,
pH7.0)) and 9 ml 37% formaldehyde to denature secondary structure in the
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transcripts that may cause aberrant migration.

To analyze the yield of RNA

transcripts, a 2 pi aliquot of each reaction was mixed with gel loading buffer (1pl
H2O, 2 pi 37% formaldehyde, 5 pi formamide, 2 pi 5X MOPS, I pi 10 mg/ml
ethidium bromide) and heated for 10 minutes at 65°C prior to adding 2 pi
bromophenol blue. The gel was run in 1X MOPS buffer (diluted from 5X MOPS)
for 30 minutes at 100 V (115). If a high yield of RNA was observed on the gel,
the rest of the RNA in the Eppendorf tube was extracted with phenol/chloroform
prior to the addition of a half volume of LiCI precipitation solution (provided in the
kit).
CCMV wild-type RNAs 1,2, and 3 were transcribed using Xbal-Iinearlized
pCC1, pCC2, pCC3, respectively (96), using the same procedure as that
described for the mutant RNA3 above. A mixture of RNA1, RNA2, and RNA3 (or
mutant RNA3) in a 1:1:2 molar ratio was used to inoculate cowpea plants (Vigra
unguiculata (L.) var. California Blackeye) or Nicotiana benthamiana grown and
maintained in a greenhouse. I noculations were performed by applying 0.5 pg
total RNA in 0.1 M phosphate buffer, pH 6.0 on a single 10-day leaf of each plant
by gentle rubbing on the leaves after abrading the leaf surface with carborundum
(320 grit: Fisher, Pittsburgh, PA). The infection was allowed to proceed for 14
days, after which infected and other leaves of the same plant were harvested.
Leaves inoculated with phosphate buffer and with only RNA1 and RNA2 in
phosphate buffer were used as negative controls.
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RNA Isolation

50 fig of virus in 250 fil virus buffer (diluted from 10X virus buffer=33.33 ml
3 M NaOAc pH 4.8, 20 ml 0.5 M EDTA, 0.65 g NaNs in 1 liter) was added to an
equal volume of 200 mM T risHCI pH 7.5, 4% S OS, 1.6 pg/ml proteinase K in
RNAse free H2O. The mixture was heated at 55°C for 30 minutes prior to adding
an equal volume of warmed phenol (65°C) for phenol extraction. After vortexing
and centrifugation at 14,000 rpm for 5 minutes, the aqueous upper layer was
transferred to a new Eppendorf tube.

An equal volume of phenol/chloroform

mixture was added to the tube and the procedure was repeated. R NA in the
aqueous layer was precipitated with an equal volume of isopropanol in the
presence of 1/10 volume of 3 M ammonium acetate at -20°C for 1 hr. The RNA
pellet was collected after centrifugation at 14,000 rpm for 20 minutes and
subsequently washed with 70% ethanol.

The pellet was air-dried and finally

resuspended in RNAse-free H2O prior to analysis on a denaturing gel as
described above.

DNA Sequencing
All mutant CCMV gene constructs were sequenced to verify the mutations.
Briefly outlined, 500 ng o f plasmid DNA o r 20 ng o f PCR product and 1 j i l o f
primer at 5 pmol/pl were included in the reaction (total of 20 pi) containing 4 pi of
5X sequencing buffer and 4 pi of the ABI Prism Big Dye Terminator Cycle
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Sequencing R eady R eaction k it ( RE A pplied B iosystems) fo r u se with t he A BI
Prism 310 DNA sequencer.

First, DNA was amplified on a Perkin Elmer 2400

thermocycler using the following program: 96°C for 10 seconds, 50°C for 5
seconds and 60°C for 4 minutes for 25 cycles. Once the sequencing reaction
was complete, amplified DNA was precipitated by adding 80 pi of 75%
isopropanol and incubating at room temperature for 15 minutes. The pellet was
collected after centrifugation at 5,000 rpm for 30 minutes.

The remaining

isopropanol was drained out prior to adding loading buffer and loading the
sample into sequencing machine as described by the manufacturer (PE Applied
Biosystems).

Electron Microscopy
Viral assembly was examined on Leo 912 LB transmission electron
microscope.

Samples were absorbed to carbon-coated grids and negatively

stained with 1% uranyl acetate. A total magnification of 50,OOOx was used.

Reverse Trancription-Polvmerase Chain Reaction Amplification
RNA extracted from inoculated and other leaves from the same plant was
used as a template for RT-PCR of the coat protein coding sequence to monitor
viral RNA expression.

The oligodeoxynucleotide 5’ GTAACGGTCGACA

GCGGGC 3’ complementary to CCMV RNA3 nucleotides 1934-1953 with a
unique Sa/I site (underlined) was used to prime cDNA synthesis. First strand

50

cDNA was synthesized with avian myeloblastosis virus reverse transcriptase.
Second strand cDNA synthesis and PCR amplification was performed with the
above

primer

in

combination

with

a

second

oligonucleotide,

5’

GATAGTAAGTCGACATGTCTACAGTCGG 3’ that corresponds to RNA 3
nucleotides 1346-1374 with a Sa/I site (underlined), using DNA polymerase from
Thermus flavus.

10 pg-1 ug total RNA template and 50 pmol of each primer

were used per reaction according to the instruction of manufacturer, (Promega,
Medison, Wl).

For a negative control, sterile nuclease-free water was

substituted for the RNA template in the reaction.
Preparation of Pichia for Electroporation

Pichia pastoris wild-type (strain X-33) was grown in 5 ml YPD medium
(1% yeast extract, 2% peptone, 2% glucose) at 30°C overnight. The next day,
0.1-0.5 ml culture was transferred into 500 ml fresh YPD medium and grown
overnight until ODeoo=I 3-1.5.

The cells were centrifuged at 3,000 rpm for 5

minutes at 4°C and the pellet was gently resuspended with 100 ml cold sterile
water and subsequently treated with 0.389 g dithiothreitol (25mM final
concentration) at room temperature for 10 minutes. The cells were centrifuged at
3,000 rpm for 5 minutes at 4°C and 100 ml cold electroporation buffer (10 mM
Tris-HCI pH 7.5, 270 mM sucrose and 1 mM MgCI2) was added to resuspend the
pellet. Two centrifugations, at 5,000 rpm for 5 minutes were done to wash the
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cells. Finally, the pellet (approximately 5x107 cells) was resuspended in 1-2 ml
cold electroporation buffer and the cells were kept on ice for immediately use.
Electroporation
£. coli cells containing pPICZA plasmid constructs were grown in 50 ml
low salt LB with Zeocin (25 p,g/mi) at 37°C overnight.

Plasmid DNA was

extracted using a BioRad kit as described in the instructions of manufacturer
(BioRad) and digested with BsfXI, a unique restriction site in the 5’ AOXI region.
After phenol/choloroform extraction and ethanol precipitation, linearized plasmid
DNA was resuspended in a small volume of water to get a concentration of
approximately 5-10 pg/pJ. 1-2 pi of DNA sample was mixed gently with 40 pi of
the competent cells and electroporated in a 0.2 cm electroporation cuvette. The
micropulser (BioRad) was preprogrammed for Pichia (yeast settings) at 1 pulse
of 2 kV. After electroporation, 1 ml ice-cold YPD medium was immediately added
to the cuvette and the diluted cells were gently transferred, to a sterile tube and
kept on ice for 5 minutes. Thereafter, cells were incubated at 30°C for 4-5 hrs
without shaking prior to plating on YPDS agar (YPD plus 1M sorbitol) with 100
pg/ml Zeocin. The plate was incubated at 30°C for 48-72 hrs until colonies were
seen. The linearized vector and water were used as positive control and negative
controls, respectively.
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Direct PCR Screening of Pichia Clones .

A single colony was resuspended in 10 pi of water.

5 pi of a 5 U/pl

solution of Iyticase (Sigma) was added to the cells and the mixture was incubated
at 30°C for 30 minutes.

Subsequently, the mixture was frozen at -80°C for 10

minutes and then thrawed at room temperature while setting up the PCR reaction
(116).

Primers 5’ GACTGGTTCCAATTGACAAGC 3’ and 5’ GCAAATGGCAT

TCTGACATCC 3’ were used in the PCR reaction and the parameters of
thermocycler were set as described in the manufacturer’s instructions for the
“EasySelect™ Pichia Expression Kit” (Invitrogen) (111). A negative control PCR
was performed by substituting DNA with water and vector-integrated Pichia
chromosomal DNA was used a positive control. A 10 jal aliquot of the 50 jj.I PCR
reaction was analyzed by 0.8% agarose gel electrophoresis and compared with
positive and negative controls. The mutant clones with HIV inserts were seen as
band mobility shifts compared to the positive control.

The mutations were

confirmed with EcoRV enzymatic digestion and DNA sequencing.

For single

point mutations, the mutant clones were seen as the same molecular weight as
the control and those clones were verified by DNA sequencing.
Small-Scale Expression Screening of Recombinant Pichia

A single colony of Pichia was inoculated into 1 ml of MGY medium (1.34%
YNB, 1% glycerol and 0.4 pg/ml biotin) and incubated in a 30°C shaking
incubator until ODeoo reached 2-6. After centrifugation at 5,000 rpm for 5
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minutes, the cell pellet was collected and resuspended with 1 ml of MM medium
(1.34% YNB, 0.4 pg/ml biotin and 0.5% methanol). For methanol induction, cells
were grown for another 4 days at 30°C by adding 100% methanol every 24 hrs to
a final concentration of 0.5%. Finally, cells were collected after centrifugation at
5,000 rpm for 5 minutes and resuspended in 20 pi of 2xSDS buffer (100 m M
sodium phosphate buffer pH 7.2, 1% SDS, 10% glycerol, 0.001% bromophenol
blue, and 5% p-mercaptoethanol. To break the cells, a small amount of 0.5 mm
glass beads was added and the mixture was alternately vortexed for 5 minutes,
and kept on ice for 5 minutes. The procedure was repeated 4-5 times. After
centrifugation at 14,000 rpm for 5 minutes, the supernatant was harvested for dot
blot and western blot assays.

For these analyses, the supernatant was heated

at 9 0°C for 5 minutes a nd Ioaded on a 12 % SDS-PAGE gel o r spotted on a
polyvinylidene difluoride (PVDF) membrane pretreated with 100% methanol for
15 minutes and water for 2 minutes as recommended by the manufacturer
(Millipore, MA).
Medium Scale Expression of Recombinant Pichia

A single colony of Pichia was inoculated in 25 ml of MGY and incubated in
a 30°C shaking incubator until the culture reached ODeoo= 2-6.
harvested by centrifugation at 5,000 rpm for 5 minutes.

Cells were

20 ml of MM medium

was added to resuspend the cell pellet prior to transferring the resuspended cells
to 1-liter of MM medium in 2-liter flask. The culture was placed in a SO0C
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incubator shaker to continue growth for another 4 days. To maintain induction,
100% methanol was added to a final concentration of 0.5% methanol every 24
hrs. The cells were harvested by centrifugation at 5,000 rpm for 5 minutes.
Extraction of Recombinant Coat Protein from the Yeast Cell Pellet
The cell pellet from a 1-liter culture was resuspended with homogenization
buffer (66.7 ml 3 M NaOAc1 pH 4.8, 20 ml 0.5 M EDTA, 1.98 g ascorbic acid in 1
liter) in a 1:2 ratio of cell pellet (g) to homogenization buffer (ml). 0.5 g glass
beads was added to allow breaking the yeast cells by alternately vortexing for 5
minutes and leaving on ice for 5 minutes (repeated 5 times). A 0.5 ml aliquot of
crude lysate was saved for dot blot analysis as a pellet and a supernatant after
bead beating. The rest of the crude lysate was centrifuged at 15,000 rpm for 30
minutes and then the supernatant was ultra-centrifuged at 25,000 rpm for 2 hrs in
a Beckman 50Ti rotor. After centrifugation, the supernatant was saved and the
pellet was resuspended with 2 ml virus buffer. 2 pi of the resuspension was
saved for dot blot analysis and the rest was used to purify the recombinant coat
protein by banding in 39% CsCI gradients formed at 38,000 rpm for 20 hrs in a
VTI65 rotor.

The white bands of coat protein in the CsCI gradient were

visualized and collected under a flashlight in a dark room. Prior to examining the
empty virions by EM, the protein was dialyzed against 2-3 changes of PBS (11.5
g Na2HPO4, 2.96 g NaH2PO4, 5.84 g NaCI in 1 liter) in a cold room. Aliquots of
the pellets and supernatants collected along the procedure were analyzed by dot
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blot. The concentration of recombinant coat protein was assayed using BCA
(Pierce, IL).
Dot Blots for Small Scale Expression Screening

A 2 pi aliquot of protein solutions boiled in SDS sample buffer (at least 1
pg/ml) was spotted on a methanol-pretreated polyvinylidene difluoride (PVDF)
membrane.

The membrane was blocked with “blotto” (1xPBS+0.1% Tween-

20+5% dry skim milk), shaking on a platform for at least 30 minutes at room
temperature.

The blocking solution was discarded and the membrane was

washed with new buffer (1xPBS+0.1% tween20) on the platform for 10 minutes.
The buffer was replaced twice, shaking on the platform for 5 minutes each time.
After the old buffer was discarded, the primary antibody (1:5000 dilution of 1
mg/ml polyclonal rabbit anti-CCMV) was added in new buffer (10 ml per 15x15cm2 membrane). The membrane was incubated with primary antibody, shaking
gently on the platform for 2-3 hrs. A washing step was performed prior to adding
a 1:1000 dilution of 1 mg/ml alkaline phosphatase (AP)-conjugated goat anti
rabbit secondary antibody (Zymed) in sufficient new buffer to cover the
membrane, shaking gently on the platform for at least an hour. A washing step
was performed and the membrane was drained of the buffer. For AP detection,
66 pi of NBT stock solution (0.5 g of NBT in 10 ml of 70% dimethylfornriamide)
was added in 10 ml of AP buffer (100 mM NaCI, 5 mM MgC^, 100 mM Tris, pH
9.5). After mixing, 33 pi of BCIP stock solution (0.5 g of BCIP (disodium salt) in
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10 ml of 100% dimethyformamide) was added and the mixture was poured on
top of the membrane. The signal was allowed to develop for at least 30 minutes
until dark purple bands were seen. The membrane was washed in water to stop
the reaction.
SDS-PAGE and Western Blot Analysis
For Western blots, protein solutions boiled in SDS sample buffer were
separated on 12 or 15% (w/v) SDS-PAGE gels in the Laemmli running buffer (50
mM Tris, 100 mM glycine, 0.1% SDS) (117). The proteins were then transferred
electrophoretically onto

methanol-treated

polyvinylidene difluoride (PVDF)

membranes in cold transfer buffer (25 mM Tris, 192 mM glycine, and 10%
methanol) at 200 milliamps for 2-3 hrs. Membranes were saturated in PBS buffer
with 0.1% Tween 20 containing 5% dry skim milk for at least 30 minutes before
incubation with a primary polyclonal Ab (1:5000 dilution of 1 mg/ml rabbit antiCCMV or 1:3,000 dilution of mouse anti-KLH-44F.C or anti-KLH-19A.C). Bound
antibodies were detected with alkaline phosphatase (AP)-conjugated goat anti
rabbit secondary antibody for anti-CCMV detection as described for the dot blot
analysis or a 1:1,000 dilution of 1 mg/ml alkaline phosphatase (AP)-IabeIed goat
anti-mouse secondary antibody (Zymed) for anti-44F.C and anti-19A.C detection.
AP detection was done as described in the previous section.
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Enzvme^Linked Immunosorbent Assay (ELISAS
ELISA assays were performed following the description of Harlow et al
(111). Plates were coated with 0.1 jag of antigens (except 0.5 pg of CCMV or
CRMV) and each well was loaded with 100 pi of solutions (except 200 pi of
blocking solution).

Sera were screened for anti-peptide 44F.C or anti-peptide

19A.C activity on plates coated with 0.1 pg of ovalbumin conjugated to the same
peptide (OVA-44 or OVA-19, respectively) in PBS at 4°C overnight. The coating
solution was discarded and the plate was blocked with blocking solution (10 g
bovine serum albumin, 0.1 g sodium azide in 1 I iter PBS) for 6-8 hrs at room
temperature. After blocking, the plate was washed 4-5 times with PBS containing
0.1% Tween 20. Sera were diluted 1:1,000; 1:5,000, 1:10,000 and 1:20,000 in
blocking solution prior to addition into wells. The plate was incubated at 4°C
overnight and then washed 4-5 times with the same buffer. A 1:1000 dilution of 1
mg/ml AP-IabeIed goat anti-mouse antibodies (Zymed) was added into the wells.
After incubation fo r 4 hrs at room temperature, the plate was washed prior to
detection using p-nitrophenol phosphate (PNPP) (Sigma) as a substrate (1 tablet
of 10 mg in 10 ml of 10 mM diethanolamine, pH 9.5 containing 0.5 mM MgCI2).
Positives appeared bright yellow and the signal was read at 405 nm kinetically
every 10 minutes for 50 minutes with a plate reader (Tecan Satire, with Xflouro 4
software). OD405 values that were greater than twice the background obtained
from sera binding to wells coated with unconjugated ovalbumin (usually >0.16)
were considered positive. For the anti-HIV gp120 or gp160 titer assay, 1:300 or
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1:1000 dilutions of sera were added to plates coated with 0.1 pg of HIV gp160IIIB
or HIV-IBaI gp120. The procedure was performed as described above. 1D6, a
mouse mAh specific to gp120, was used as a positive control and pre-immune
sera with the same dilutions were used as negative controls.
For isotype determination, 1:200 and 1:600 dilutions of sera were added to
wells coated with 0.1 pg OVA-44. 100 pi each of 1:1,000 diluted IgGI, lgG2a,
lgG2b, and IgGS (Sigma) were added to wells after washing out the sera. 100 pi
of 1:8,000 diluted AP-IabeIed rabbit anti-goat IgG was added as a secondary
antibody.

Detection was performed as described above.

Silver Staining
After running, SDS-PAGE gels were placed in a container containing 5 gel
volumes of PAGE gel fixer (50% methanol, 12% acetic acid), and shaken for 40
minutes at room temperature. The solution was discarded and then the gel was
washed 3 times with 50% ethanol, each time shaking for 20 minutes. After the
last ethanol was discarded, the gel was washed with 2% sodium thiosulfate for 1
minute.

After rinsing with water for 2-3 times, Silver nitrate solution (0.25 g

AgNOa and 125 pi 40% formaldehyde in 125 ml water) was added to stain the gel
for 20 minutes in dark.

The gel was washed with water prior to adding

developing solution (60 g sodium carbonate, 1 ml pf 40% formaldehyde, 30 ml of
2% sodium thiosulfate in 1 liter) and incubating on a shaker at room temperature
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until protein bands were seen. The reaction was stopped with destaining solution
(1% glycerol, 10% acetic acid).
Svoro Ruby Staining
A 8x10 cm gel was placed in a plastic container containing a
washing/fixing buffer (10% methanol and 7% acetic acid) at least 1-2 hrs. The
buffer was discarded and drained of the remaining buffer prior to adding 50 ml
Sypro Ruby staining reagent (BioRad) and shaking on a platform for at least 3
hrs or up to overnight in a container covered with aluminium foil. The gel was
destained with 2 changes of the washing/fixing buffers, shaking on the platform
for 2-3 hrs or until ready to image by Molecular Imager™ FX.
BCA Protein Assay

The protein assay was based on bicinchoninic acid (BCA) for the
colorimetic detection and quantitation of total protein. The purple-colored product
exhibited a strong absorbance at ODsea that was nearly linear with increasing
protein concentration in a range of 20-2,000 jag/ml. Protein concentration was
determined based on a standard curve of known concentrations of bovine serum
albumin. The procedure was described in the instructions of the manufacturer
(Pierce, IL).
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CCMV-Peptide Conjugates
CCMV-SPDP Linker
CCMV contains 180 coat protein subunits and each has a molecular
weight of 20,000 daltons. 0.25 mg CCMV (salt stable) virus in 500 pi virus buffer,
pH 4.8 was dialyzed twice for 30 minutes in reaction buffer (20 mM NaH2PO4,
0.15 M NaCI, 5 mM EDTA, pH 7.5). A 5 molar excess of SPDP (Pierce, IL) in
DMSO was added to react with s-amino groups on lysine side chains of the virus
coat protein. To control the reaction, pH was maintained at 7.5 by addition of 1 M
NaHCOa, pH 9.5. The virus-linker reaction was incubated for an hour at room
temperature on a shaking platform.

The reaction was stopped with freshly

prepared 1.5 M hydroxylamine, pH 8.5 (2% final concentration) and subsequently
dialyzed in reaction buffer (20 mM NaH2PO4, 0.15 M NaCI, 5 mM EDTA, pH 6.5).
Peptide containing a free suIfhydryl group (10 molar excess over viral subunit)
was added and incubated at room temperature for 1 hr. The product was then
run on a 12.5% SDS-PAGE gel and analyzed by silver staining and Western
blotting. Compared to the unconjugated coat protein, the conjugates exhibited a
molecular weight shift on the gel. For Western blot analysis, 1:3,000 diluted antiKLH-44 or anti-KLH-19 was used as the primary antibody and a 1:1000 dilution
of 1 mg/ml AP-IabeIed goat anti-mouse antibody was used as the secondary
antibody. Prior to inoculating mice, the conjugates were dialyzed against PBS at
4°C.
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CPMV-SulfoSMCC Linker
2

mg of CPMV in 500 |J PBS, pH 7 was incubated at room temperature for

4 hrs with a 20X molar excess of sulfoSMCC (Pierce), over subunit pairs. CPMV
virions contain 60 copies each of a large and a small coat protein subunit with
molecular weights of 42 kD and 23 kD, respectively. There is only one reactive
lysine side chain on the outer surface of the viral capsid, per subunit pair. The
excess sulfo-SMCC was then

removed on a PD10 desalting column

(Pharmacia), equilibrated with PBS, pH 7. Approximately 14-15 fractions of 1 ml
each were collected. CD was measured at 280 nm for all fractions and graphed.
Fractions of the first peak exhibiting high OD28Qwere pooled and then run through
a desalting Biogel P-6 (BioRad) column equilibrated with PBS. Fractions were
collected and OD28Q measured.

Beer’s law was used to calculate the

concentration of virus, using an extinction coefficient of 8 cm"1M'1. A 60-fold
molar excess of free sulfhydryl-containing peptide was added to the sulfoSMCCIinked virus, and the reaction was incubated at 4°C overnight.

The excess

peptide was removed by washing through a YM-50 centricon membrane with
PBS twice at 6,000 rpm for 5 minutes. The retentate was collected and analyzed
as described above.

Prior to injecting mice, the conjugates were dialyzed

against PBS at 4°C.

S I300 K42R-BMH Linker
10 mM bismaleimidohexane (Pierce, IL) in DMSO was mixed with 10 mM
free sulfhydryl-containing peptide in a 2:1 molar ratio and incubated with shaking
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at 4°C for an hour.

The conjugate was purified by reverse-phase HPLC to

remove excess peptide and BMH. Fractions exhibiting high OD230 were analyzed
by MALDI-TOF mass spectroscopy after mixing the sample with an equal volume
of a saturated solution of a-cyano 4-hydroXycinnamic acid (ACHA) in 50%
acetonitrile. The fraction containing a dominant peak with a molecular weight of
1321 was selected as the peptide-BMH conjugate and Iyophilized overnight.
0.5 ml of 1 mg/ml mutant CCMV containing an engineered cysteine at
residue 130 (S130C) was treated with 1 mM freshly dissolved TCEP for an hour
at room temperature. The Iyophilized peptide-BMH conjugate was dissolved in
reaction buffer (20 mM NaH2PO4, 0.15 M NaCI15 mM EDTA, pH 7) and added to
TCEP-treated virus at a ratio of 5 moles conjugate per mole coat protein subunit.
The pH was adjusted to 7 prior to incubating at 4°C for 2 hrs with shaking. The
reaction was quenched by adding TM cysteine hydrochloride freshly dissolved in
reaction buffer (25 mM final concentration),, and incubated at room temperature
for 30 minutes.

All substances were dissolved in reaction buffer, unless

otherwise indicated. The conjugates were analyzed by SDS-PAGE and Western
blots, as described above.

Prior to injecting mice, the conjugates were dialyzed

against PBS at 4°C.

KLH or OVA-Coniuaated Peptides
600 jig of 10 mg/ml KLH or ovalbumin conjugated to sulfoSMCC (Imject,
Pierce, IL) was mixed with 300 ^g of 1 mg/ml freshly dissolved free sulfhydrylcontaining peptide in reaction buffer (20 mM NaH2PO4, 0.15 M NaCI, 5 mM
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EDTA1 pH 7). The mixture was incubated for 2 hrs at room temperature. For
peptide linked to KLH, the conjugates were dialyzed against PBS at 4°C prior to
inoculating mice.

Peptide Kinetic Assay
The ability of peptides 44F.C and 19 A.C to react with the SPDP linker
was measured using a kinetic assay.

100 pi 0.8 mg/ml peptide (or DTT used as

a positive control) was incubated with 40 pi 0.5 mg/ml SPDP in a total volume of
200 pi IxPBS pH 7.5. The 2-pyridyl-disulfide group on the linker reacts with the
thiol group on the peptide or DTT and releases the pyridyl-2-thione group, which
can be quantified by measuring the absorbance at 343 nm. The amount of the
pyridyl-2-thione was monitored before adding the peptide or DTT and then every
2 minutes up to 24 minutes. In the experiment, the linker alone in the PBS buffer
was used as a negative control and the buffer alone was used as a blank to
subtract the background.

Immunization of Mice with Conjugates

3

mice per group of five-week-old CD1 mice were immunized by

subcutaneous (s.c) injection with 50 pi of 50 pg conjugate mixed with an equal
volume of Complete Freunds’s Adjuvant (CFA) at week 0 and boosted with 25 pg
in Incomplete Freunds at week 5, 6, and 7 by intraperitoneal (i.p.) injection. Sera
were obtained by bleeding on day 0 and 7-10 days after each boost. For
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injection without an adjuvant, inoculations were performed i.p., except that two
additional boosts were performed subcutaneously.
Animal handling and maintenance were performed according to the
principles and guidelines for the use of animals in research, testing, and
education prepared by the Ad Hoc Committee on Animal Research (New York
Academy of Sciences, New York, N.Y.)
Reverse Phase High Performance Liquid Chromatography (HPLC)
BMH-Iinked peptides were purified by reverse phase HPLC, using a C4
semiprep column equilibrated in 0.1% TFA, 10% acetonitrile at a flow rate of 5
ml/min.

Sample was injected prior to eluting with a gradient of 10-90%

acetonitrile in 0.1% TFA at a flow rate of 3 ml/min.

The absorbance at 230 mm

was used for detection of peptide dimer, BMH-peptide conjugate, and free BMH
with retention times of approximately 16.5,18, and 23 minutes, respectively.
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CHAPTER FOUR
RESULTS
Genetic Manipulation of CCMV Coat Proteins
The sequences from conserved region 4 and variable region 4 (V4C4) of
HIV gp120 were incorporated into the CCMV coat protein gene. Since these
regions contain parts of the CD4 binding site which are conserved among HIV-1
strains, presentation of these epitopes to the immune system on the CCMV coat
protein could potentially elicit antibodies that recognize the CD4 binding site and
neutralize a broad range o f HIV strains. I n order to produce virus chimeras,
different regions of HIV gp120 were inserted into each of the 4 surface-exposed
loops o f the C CMV c oat p rotein as d escribed i n M aterials and M ethods. T he
cowpea leaves inoculated with RNA constructs that had HIV sequences inserted
at codon 1 02 s howed what a ppeared to be I ocal C CMV I esions on i noculated
leaves within 14 days, whereas the other constructs did not show any evidences
of viral infection.

RT-PCR analysis of RNA isolated from inoculated leaves

revealed a band with the expected size (»600 bp) for the chimeric gene (data not
shown).

However, accumulation of recombinant coat proteins could not be

detected by ELISA, and Western blot analysis, using polyclonal anti-CCMV
antibodies. Virions could not be detected by EM. These results indicated that
recombinant CCMV coat proteins were not assembled into virions in cowpea
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plants.

To confirm this assumption, sap of inoculated leaves was re-inoculated

into cowpea and also benthamiana plants (another host for CCMV), and the
inoculated leaves were analyzed by RT-PCR, EM, Western blotting and ELISA.
Neither recombinant coat proteins nor virions were detectable in any leaves
analyzed.
Since chimeric CCMV coat protein molecules could not be assembled into
viral particles in plants, the production of viral coat capsids in heterologous
systems was examined. Previous work by the Young lab had shown that viral
particles assembled in vitro from coat proteins expressed in E. coli are
indistinguishable from plant-purified particles (97), and expression of the coat
protein in the yeast Pichia pastoris resulted in assembly of viral particles in vivo
that were also identical to virions from plants, except that they did not contain the
viral genomic RNA. In order to introduce foreign genes into Pichia, the chimeric
CCMV coat protein gene previously assembled in the pCC3 vector had to be
cloned into a yeast vector, pPICZA, prior to electroporation into yeast cells. This
vector

integrates

recombination.

into

the

Pichia

chromosomal

DNA

by

homologous

High expression integrants containing multiple copies of the

inserted gene were chosen based on dot blot analyses from 1-rril culture using
polyclonal anti-CCMV antibodies (data not shown). The presence of the HIV
peptide in the coat proteins produced by these clones was checked by looking for
gel mobility shifts on Western blot analyses using polyclonal anti-CCMV
antibodies and by PCR amplification of the Pichia chromosomal DNA.
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Compared to the wild-type coat protein and the wild-type Pichia chromosomal
DNA used as controls for the former and latter analysis, the selected
transformants exhibited the expected molecular weight shifts (data not shown),
showing that transformants contained the HIV insert. To confirm these results,
their PCR products were verified by DNA sequencing. All transformants showed
the correct insert sequence (data not shown). These recombinant Pichia clones
were grown in 1-liter cultures and expression of the desired recombinant coat
protein was checked again as described above. Examination of the virus
particles isolated from these cultures by EM showed a few intact virions. The
cultures of these constructs were further scaled up in 4-liter fermenter batches.
After breaking the yeast cells using a bead beater, samples of pellets and
supernatants were collected at each step o f the process and analyzed on dot
blots using polyclonal anti-CCMV antibodies to determine how much of the
protein was contained in each fraction. The extraction process was performed in
parallel with a culture expressing wild-type CCMV coat protein as a control.
Unlike the control, most of the chimeric proteins remained in the first (low speed)
pellet and only a small amount was present in the supernatant after bead
beating.

Various kinds of detergents and sonication were used in attempts to

increase the yield of recombinant proteins in the supernatant, but to no avail.
The final amount of chimeric coat protein in the supernatant after harvesting by
ultra-centrifugation at 25,000 rpm for 2 hrs was approximately 50-100 nanograms
per 1 kilogram of yeast cells, as estimated by SDS-PAGE and silver staining. A
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few virion-like particles were detected by EM, but most were not the proper size
and shape for T=3 virus capsids. Additional chimeric gene constructs, with HIV
gp120 residues 451-466, were inserted into each of the 4 loops of the CCMV
coat protein independently were also expressed in Pichia1 but none of them
produced any significantly yield of viral particles; neither did CCMV chimeras with
short peptides being expressed by the Young lab (pep11, an 8-residue laminin
sequence) nor the Pincus lab (S9, a 9-residue phage display peptide).

We

therefore abandoned this approach and tried chemically coupling the peptides to
intact viral capsids.
CCMV-Peotide Conjugates with SPDP
Salt stable (K42R) CCMV capsids isolated from Pichia were used to make
peptide conjugates. Peptide 44F.C or 19A.C was coupled to amino groups on
surface-exposed lysine side chains of the CCMV coat protein using SPDP. The
presence of the peptide attached on the coat protein was analyzed by SDSPAGE and silver staining, which showed the peptide-coupled coat protein bands
migrating slower than the corresponding uncoupled protein band. (Fig. 4.1 lanes
3 and 4, compared to lanes 1 and 6). The same shift was also observed using
an irrelevant peptide, S9, of the same length (Fig. 4.1, lane 5). Moreover, there
was an additional faint slower migrating band observed after coupling with
.c

peptides 44F.C and S9 (Fig. 4.1, lanes 3 and 5), indicating that there may have
been more than 1 peptide attached to some of the coat protein subunits. Of the
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3 peptides used, peptide 19A.C seemed to couple the least on the coat protein
(Fig. 4.1, lane 4). Although SPDP linked cysteine groups on the peptides to
amino groups on the virus, it also caused unwanted reactions where virus
subunits were linked to each other causing formation of dimers and multimers,
which were seen as very slow migrating bands after adding only the linker to the
virus (Fig. 4.1, lane 2), as well as in lanes 3-5 after subsequently adding the
peptide.
The presence of a peptide on the coat protein was verified by Western blot
analysis. Using anti-KLH-44F.C serum, 4 bands were seen: 2 bands migrated
the same as the uncoupled coat protein bands and the other 2 migrated slower
(Fig 4.2, lane 5). Although some nonspecific binding of serum was observed in
the uncoupled control (lane 6), the intensity of bands 2 and 3 (from the bottom)
were stronger.

This indicated that peptide 44F.C coupled to the coat protein

caused the molecular weight shift.
detected in the dimer band.

Additionally, a strong signal was also

The link between SPDP and the peptides is

cleavable by DTT or other reducing agents capable of reducing S-S bonds at pH
7-9.

Therefore, beta-mercaptoethanol (|3-ME) was added to the conjugate

samples to confirm the presence of the peptide on the coat protein. After adding
the reducing agent, peptide 44F.C was not detected in the conjugates (Fig. 4.2,
lane 2). However, (3-ME did not release, peptide 44F.C coupled to maleimideactivated OVA as a control (Fig. 4.2, Ianel) because the maleimide-cysteine link
cannot be cleaved by reducing agents.
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Fig 4.1. Silver stained gel of CCMV-peptide conjugates using SPDP. Proteins
were separated on a 12.5% SDS-PAGE gel, and stained with silver nitrate
solution. The presence of conjugate, dimer and mulitmer are indicated by arrows.
Lane 1 and 6, unconjugated protein; lane 2, CCMV coat protein incubated with
SPDP alone; lane 3, CCMV-44F.C-conjugate; lane 4, CCMV-19A.C-conjugate;
lane 5, coat protein conjugated with an irrelevant peptide, S9.
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Fig 4.2. Western blot analysis of CCMV-44F.C conjugation using SPDP.
Proteins were separated on a 12.5% SDS-PAGE gel and transferred to a PVDF
membrane. The membrane was incubated with mouse anti-KLH-44F.C serum,
followed by alkaline phosphatase (AP)-IabeIed goat anti-mouse IgG. The
presence of peptide is indicated by arrows. Lane 1-3 reducing conditions; Ianel,
OVA-44F.C conjugate used as a positive control; lane 2, CCMV-44.C conjugate;
lane 3, Unconjugated coat protein. These lanes were replicated in lane 4-6
under non-reducing condition.
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The Western blot analyses of CCMV-19A.C using anti-KLH-19A.C
polyclonal antibody showed similar results to that of CCMV-44F.C. As compared
to the uncoupled coat protein (Fig. 4.3, lane 1), the peptide 19A.C was detected
on the CCMV-19A.C conjugate run in lanes 2 and 3. In lane 3, with more protein
loaded, an additional fast migrating band and the virus dimer band were also
detected.

Kinetics of Peptide Reaction with SPDP
Since peptide 19A.C coupled the least to the coat protein, a kinetic assay
was used to determine how well the peptide 19A.C reacted with the linker
compared to peptide 4 4F.C. The extent of peptide coupling to SPDP can be
measured by the amount of pyridine-2-thione released when SPDP couples to
the peptide due to its absorbance at 343 nm. The graph in Figure 4.4 showed
that peptide 19A.C reacted with the SPDP linker more rapidly than 44F.C and
reached a higher steady-state level.

Thus, there was nothing about peptide

19A.C that prevented its coupling to the linker, and the low yield of CCMV-19A.C
conjugate must have been due to other factors.

CPMV-Peptide Conjugates with SuIfo-SMCC

Using SPDP to couple the peptide to CCMV caused unwanted
aggregation and low yields of conjugates, so another linker, sulfo-SMCC, was
also tried. Like SPDP, sulfo-SMCC is a heterobifunctional Iinkerthat linked
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3
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Fig 4.3. Western blot analysis of CCMV-19A.C conjugation using SPDP.
Proteins were separated on a 12.5% SDS-PAGE gel and blotted to a PVDF
membrane under non-reducing conditions. The peptide was bound with mouse
anti-KLH-19A.C serum and then detected by alkaline phosphatase-labeled goat
anti-mouse IgG. The presence of peptide is indicated by the arrow. Lanel,
unconjugated coat protein; lane 2 and 3, different amounts of CCMV-19A.C
conjugate ; lane 4, OVA-19A.C conjugate used as a positive control.
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SPDP+DTT

SPDP+19A.C

SPDP+44F.C

SPDP

Time (min)
Fig 4.4. Peptide kinetics. The reaction between 2 pyridyl-disulfide group on
SPDP linker and thiol group on a peptide was monitored by measuring the
amount of pyridyl-2 thione group released at 343 nm before and after adding the
linker. DTT was used in place of peptide as a positive control and SPDP alone
was a negative control. Error bars indicate the standard deviation of the triplicate
samples (for most points these are smaller than the symbols shown).
Experiment was performed by R. Pomwised.
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cysteine sulfhydryl groups on the peptides to amino groups on the Iysine side
chain of the virus. An experiment was performed to test whether sulfo-SMCC
was more effective than SPDP, in terms of more coupling to CCMV subunits and
less aggregation.

The result, however, was a similar pattern on SDS-PAGE

silver staining gel (data not shown).

Therefore, another virus, CPMV, was

chosen as a scaffold to a ttach t he peptide, because CPMV contains only one
reactive lysine on its surface for each asymmetric unit or 60 per virion. The hope
was that the unwanted reaction causing virus aggregation might be reduced
compared to CCMV. The SDS-PAGE profile of the CPMV coat protein showed
that adding sulfo-SMCC alone to CPMV made the 2 small subunit bands and the
one large subunit band migrate slower than unreacted coat protein bands (Fig.
4.5, lane 2 compared to lane 1).

A virus dimer and multimers were also

observed at this step, as had been seen for CCMV. When peptide 44F.C was
added to the virus-linker mixture, the amount of lower small subunit band was
dramatically reduced and the upper band of the small subunit had 3 additional
bands stacking on top, suggesting that more than 1 peptide reacting with each
small subunit ( Fig. 4.5, lane 3).

Western blot analysis u sing anti-KLH 44F.C

antiserum revealed the presence of 44F.C peptide on the upper small subunit
band and 3 additional slowly migrating bands.

Moreover, the peptide was also

detected on the large subunit of the virus (Fig. 4.6, lane 1). The peptide was not
detected in un reacted virus or the virus-linker mixture (Fig. 4.6, lane 2 and 3).
Attaching of peptide 19A.C to CPMV resulted in a similar pattern, both on silver
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in
Fig 4.5. Silver stained gel of CPMV-44F.C conjugated using sulfo-SMCC.
Proteins were separated on a 12.5% SDS-PAGE gel and stained with silver
nitrate solution. Small and large subunits of CPMV coat protein are indicated by
arrows. Lane 1, unconjugated CPMV coat proteins; lane 2, CPMV incubated with
sulfo-SMCC only; lane 3, CPMV-44F.C-conjugate.
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Fig 4.6. Western analysis of CPMV-44F.C conjugated using sulfo-SMCC.
Proteins were separated on a 12.5% SDS-PAGE gel and blotted to a PVDF
membrane. The membrane was incubated with mouse anti-KLH44F.C serum,
followed by alkaline phosphatase-labeled goat anti-mouse IgG. The antibodies
recognized peptide44F.C attached to the small and large subunits of the coat
protein. The presences of peptides on small and large subunit are indicated by
arrows. Lanel, CPMV-44F.C-conjugate; Iane2, CPMV incubated with sulfoSMCC only; lane 3, unconjugated coat protein.
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staining of the SDS-PAGE gel and Western blot analysis (Fig. 4.7 and 4.8,
respectively).

Based on SDS-PAGE profile, both of the peptides seemed to

couple more to CPMV than to CCMV.

To confirm that result, the amount of the

peptide on the conjugate was determined by ELISA analysis using anti-KLH44 or
anti-KLH19 polyclonal antibodies for their corresponding peptides (Fig. 4.9).
Comparison of the coupling yield between both virus carriers demonstrated that
peptide 44F.C and 19A.C were attached to CPMV more effectively than to
CCMV.

In spite of the fact that CCMV should have 180 attachment sites

whereas CPMV has only 60.

Immunoqenicitv of Peptides in CCMV Conjugate-Immunized Mice
Mice were immunized with CCMV-peptide conjugates in CFA and boosted
in IFA. The sera from these mice were tested for their reactivity to the peptides
by ELISA. OVA-44F.C or OVA-19A.C was coated on the wells and the binding of
sera to antigen was measured using goat-anti-mouse AP conjugate. Sera from 3
mice immunized with CCMV-44F.C in the first bleed (after the first boost) had
titers ranging from 1:1,000-1:10,000 (Fig. 4.10). After a second boost the titer of
the sera was increased to 1:10,000-1:50,000 (Fig. 4.11). Antibodies against the
carrier were also measured by coating the wells with CCMV; these titers were
greater than 1:100,000 (Fig. 4.12).
In contrast, sera from mice inoculated with CCMV-19 showed great
variation between the 3 mice. One of these mice seemed to have a very low
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Fig 4.7. Silver stained gel of CPMV-19A.C conjugated using sulfo-SMCC.
Proteins were separated on a 12.5% SDS-PAGE gel and stained with silver
nitrate solution. Small and large subunits of CPMV coat protein are indicated by
arrows. Lanes 1 and 5, unconjugated CPMV coat protein; lanes 2 and 3, peptide
19A.C-conjugated coat protein; lane 4, coat protein incubated with sulfo-SMCC
only.
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Fig 4.8. Western blot of CPMV-19A.C conjugated using sulfo-SMCC.
Proteins were separated on a 12.5% SDS-PAGE gel and blotted to a PVDF
membrane. The mouse anti-KLH19A.C serum bound peptide19A.C attached to
the small and large subunits of coat protein. The antigen-bound antibody was
subsequently detected with alkaline phosphatase-labeled goat anti-mouse IgG.
The presence of peptide is indicated by arrows. Lanes 1 and 2, CPMV-19A.C
conjugate; lane 3, coat protein incubated with sulfo-SMCC only; lane 4,
unconjugated coat protein.
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Fig 4.9. Comparison of the amount of peptides coupled to virus coat protein
evaluated by ELISA. The amounts of peptide were measured on plates coated
with 0.5 pg conjugates. Either mouse anti-KLH44F.C or anti-KLH19A.C serum at
dilution 1:3,000 was added to wells coated with the corresponding peptide
conjugate. The antigen-bound antibody was detected with alkaline phosphatase
-labeled goat anti-mouse IgG. The OD values shown are the mean of triplicate
samples minus the background reading obtained from the binding of antibody to
unconjugated coat protein. Error bars indicate the standard deviation (SD) of the
triplicate samples.
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Fig 4.10. Anti-peptide activity of the first bleed sera from CCMV-44F.C
immunized mice by ELISA. Mice were immunized with the conjugate in complete
Freund’s adjuvant (CFA) and boosted once in incomplete Freud’s adjuvant (IFA).
Serial dilutions of sera were added to wells coated with 0.1 pg OVA-44. The
reactivity to peptide44F.C was detected using goat anti-mouse alkaline
phosphatase conjugate.
OD405 values that were greater than twice the
background obtained from sera binding to unconjugated OVA coated wells at
dilution 1:1,000 were considered positive (usually >0.16). All OD values shown
are the mean of duplicate samples with SD shown as error bars.
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Fig 4.11. Anti-peptide activity of the second bleed sera from CCMV-44F.C
immunized mice by ELISA. Mice were immunized with the conjugate in complete
Freund’s adjuvant (CFA) and boosted twice in IFA. Serial dilutions of sera were
added to wells coated with 0.1 ^g OVA-44. The reactivity to peptide44F.C was
detected using goat anti-mouse alkaline phosphatase conjugate. OD40S values
that were greater than twice the background obtained from sera binding to
unconjugated OVA coated wells at dilution 1:1,000 were considered positive
(usually >0.16). All OD values shown are the mean of duplicate samples with SD
shown as error bars.
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Fig 4.12. Anti-carrier activity of sera from CCMV-44F.C immunized mice. ELISA
plates were coated with CCMV at 0.5 pg/well. Mouse sera were added to wells
in serial dilutions and detected using goat anti-mouse alkaline phosphatase
conjugate.
The binding of pre-immune sera to the virus at dilution 1:1,000
usually gave OD value <0.10 and was used as a negative control. All OD values
shown are the mean of duplicate samples with SD shown as error bars.
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anti-peptide titer of 1:1,000 (Fig. 4.13), which was slightly increased after being
boosted (Fig. 4.14). However, other mice had a high titer in the first bleed, which
was further increased in the second bleed. Thus, the overall anti-peptide titer in
these mice ranged from 1:10,000 to more than 1:100,000 (Fig. 4.14).
Interestingly, sera from all 3 mice, including the one with low anti-peptide activity,
showed very high antibody titers against the carrier (above 1:100,000) (Fig.
4.15).

These results demonstrated that the peptide linked on the surface, of

CCMV coat protein was exposed to the immune system of the mice and elicited
antibodies, although there were some variations between mice.

Moreover,

CCMV is a strong immunogen and induces high anti-carrier antibody titers.
Immunoqenicitv of Peptides in CPMV Conjugate-Immunized Mice
The immune response of mice immunized with CPMV-44 showed that
sera from 3 mice had antibody titer against the peptide 44F.C in the range from
1:10,000 to above 1:20,000 in the first bleed (Fig. 4.16).

Surprisingly, in the

second bleed all mice had decreased titers ranging from 1:5,000-1:20,000 (Fig.
4.17).

Mice that used to have high titers had markedly decreased titers. This

pattern was also observed in mice immunized with CPMV-19. In the first bleed,
sera had titers against peptide 19A.C from 1:1,000-1:20,000 (Fig. 4.18). When
mice got the boost the titer dropped down in the range from 1:1,000-1:5,000.
The titer of mouse 2 showed the biggest change, while that of the mouse 1 had a
modest decrease. Mouse 3 had no anti-peptide 19A.C ELISA reactivity
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Fig 4.13. Anti-peptide activity of the first bleed sera from CCMV-19A.C
immunized mice by ELISA. Mice were immunized with the conjugate in CFA and
boosted once in IFA. Serial dilutions of sera were bound to wells coated with 0.1
pg OVA-19A.C. The reactivity to peptide19A.C was detected using goat anti
mouse alkaline phosphatase conjugate. OD40S values that were greater than
twice the background obtained from sera binding to unconjugated OVA coated
wells at dilution 1:1,000 were considered positive (usually >0.16). All OD values
shown are the mean of duplicate samples with SD shown as error bars.

87

Mousel
Mouse2
MouseS

1/Dilution
Fig 4.14. Anti-peptide activity of the second bleed sera from CCMV-19A.C
immunized mice by ELISA. Mice were immunized with the conjugate in CFA and
boosted twice with IFA. Serial dilutions of sera were bound to wells coated with
0.1 pg OVA-19A.C. The reactivity to peptide19A.C was detected using goat anti
mouse alkaline phosphatase conjugate. OD40S values that were greater than
twice the background obtained from sera binding to unconjugated OVA coated
wells at dilution 1:1,000 were considered positive (usually >0.16). All OD values
shown are the mean of duplicate samples with SD shown as error bars.
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Fig 4.15. Anti-carrier activity of the second bleed sera from CCMV-19A.C
immunized mice. ELISA plates were coated with CCMV at 0.5 pg/well. Mouse
sera were added to wells in serial dilutions and detected by goat anti-mouse
alkaline phosphatase conjugate. The binding of pre-immune sera to the virus at
dilution 1:1,000 usually gave OD value <0.10 and was used as a negative
control. All OD values shown are the mean of duplicate samples with SD shown
as error bars.
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Fig 4.16. Anti-peptide activity of the first bleed sera from CPMV-44F.C
immunized mice by ELISA. Mice were immunized with the conjugate in CFA and
boosted once in IFA. Serial dilutions of sera were bound to wells coated with 0.1
pg OVA-44. The reactivity to peptide 44F.C was detected using goat anti-mouse
alkaline phosphatase conjugate. OD40Svalues that were greater than twice the
background obtained from sera binding to unconjugated OVA coated wells at
dilution 1:1,000 were considered positive (usually >0.16). All OD values shown
are the mean of triplicate samples with SD shown as error bars.
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Fig 4.17. Anti-peptide activity of the second bleed sera from CPMV-44F.C
immunized mice by ELISA. Mice were immunized with the conjugate CFA and
boosted twice in IFA. Serial dilutions of sera were bound to wells coated with 0.1
pg OVA-44. The reactivity to peptide 44F.C was detected using goat anti-mouse
alkaline phosphatase conjugate. OD405 values that were greater than twice the
background obtained from sera binding to unconjugated OVA coated wells at
dilution 1:1,000 were considered positive (usually >0.16). All OD values shown
are the mean of duplicate samples with SD shown as error bars.
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Fig 4.18. Anti-peptide activity of the first bleed sera from CPMV-19A.C
immunized mice by ELISA. Mice were immunized with the conjugate in CFA and
boosted once in IFA. Serial dilutions of sera were bound to wells coated with 0.1
PQ OVA-19A.C. The reactivity to peptide 19A.C was detected using goat anti
mouse alkaline phosphatase conjugate. OD40S values that were greater than
twice the background obtained from sera binding to unconjugated OVA coated
wells at dilution 1:1,000 were considered positive (usually >0.16). All OD values
shown are the mean of duplicate samples with SD shown as error bars.
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(Fig. 4.18 and 4.19). The titer of anti-carrier antibodies was measured in mice
inoculated with either CPMV-44 or CPMV-19 (Fig. 4.20 and 4.21, respectively).
The sera from both conjugates showed high titers, which were more than
1:20,000 in all mice, indicating that CPMV also was a strong immunogen in
inducing anti-carrier antibody titer. However, the anti-peptide antibody titers were
lower than those obtained with CCMV conjugates after boosting.
Cysteine Mutants of CCMV
Sera from mice immunized with CCMV-peptide conjugates had high
reactivity to the respective peptides.

However, it was thought that the titer of

antibodies against the peptide might be increased, if more peptide could be
coupled to each CCMV virion. A s s h o w n in Fig. 1, peptide 4 4F.C had been
linked to fewer than half of the CCMV coat protein subunits, while the degree of
conjugation with peptide 19A.C was much less than that. To increase the yields
of the conjugations, it was necessary to reduce viral aggregation and allow only
one linker to attach to each subunit of the virus. This had been difficult, since
each subunit has 3 or 4 lysine residues exposed on the surface of the CCMV
virion.

Since there was no cysteine residue on the surface of the virus, the

reaction would be more controllable if a single cysteine could be introduced at a
suitable location and then used to attach the peptide.

Using site-directed

mutagenesis, cysteine was substituted for residues S73, SI 30, or A l 52 in a
background of the salt stable (K42R) CCMV coat protein. After electroporation
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Fig 4.19. Anti-peptide activity of the second bleed sera from CPMV-19A.C
immunized mice by ELISA. Mice were immunized with the conjugate in CFA and
boosted twice in IFA. Serial dilutions of sera were bound to wells coated with 0.1
pg OVA-19A.C. The reactivity to peptide 19A.C was detected using goat anti
mouse alkaline phosphatase conjugate. OD405 values that were greater than
twice the background obtained from sera binding to unconjugated OVA coated
wells at dilution 1:1,000 were considered positive (usually >0.16). All OD values
shown are the mean of triplicate samples with SD shown as error bars.
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Fig 4.20. Anti-carrier activity of sera from CPMV-44F.C immunized mice.
ELISA plates were with CPMV at 0.5 pg/well. Mouse sera from the second bleed
were added to wells in serial dilutions and detected using goat anti-mouse
alkaline phosphatase conjugate. The binding of pre-immune sera to the virus at
dilution 1:1,000 usually gave OD value <0.10 and was used as a negative
control. All OD values shown are the mean of duplicate samples with SD shown
as error bars.
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Fig 4.21. Anti-carrier activity of sera from CPMV-19A.C immunized mice. ELISA
plates were coated with CPMV at 0.5 pg/well. Mouse sera from the second
bleed were added to wells in serial dilutions and detected using goat anti-mouse
alkaline phosphatase conjugate. The binding of pre-immune sera to the virus at
dilution 1:1,000 usually gave OD value <0.10 and was used as a negative
control. All OD values shown are the mean of duplicate samples with SD shown
as error bars.
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of each linearized plasmid containing a mutant coat protein gene into Pichia
pastoris, the yeast colonies were screened by direct PCR for DNA integration
(Fig. 4.22 A and B).

The PCR products showed bands with the expected

molecular weight (lane 4A, 1B, SB for 73C, lane 5A, SB, 7B for 130C and lane
8A, SB for 152C) while water in the place of chromosomal DNA used as a
negative control had no signal (lane 10 A and B). To confirm the single amino
acid change, these transformants with positive PCR products were sequenced.
All had the correct sequence (data not shown).
Expression Screening of CCMV Mutants
Yeast clones with the correct amino acid change were grown in 1-ml
small-scale cultures for expression analysis by dot blot (Fig. 4.23). 8 out of 9
transformants had high expression at a similar level to the wild-type (K42R)
control. 2 clones of each mutant were selected and grown in 1 liter-cultures for
medium scale expression. After a period of derepression and MeOH induction,
yeast cells were lysed and virus particles were isolated. All 3 mutants produced
T=3 particles indistinguishable from wild type in terms o f size and shape. The
S130C virions are shown in Figure 4.24. This demonstrated that creating single
amino acid changes at residue 73, 130 and 152 in the salt stable background
had no effect on the stability of virions. Moreover, the yields of mutants produced
were comparable to those of the wild type or the K42R (salt stable) parent strain.
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Fig 4.22. Direct PCR screening of Pichia clones. Single point mutant clones had
products with the same molecular weight as wild-type chromosomal DNA (lane 9
A and B) used as a positive control. Positive clones selected were those in lanes
4,5,7,8 of gel A and lanes 1,3,5,7, and 8 of gel B. Water was used in place of
template for a negative control run in lanes 10 A and B.
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Fig 4.23. Expression screening by dot blot analysis. PCR-positive clones were
grown in 1-ml cultures under methanol induction. Yeast cells resuspended in
SDS buffer were broken with glass beads and proteins were harvested. 1 pi of
proteins boiled in SDS buffer were spotted on a membrane and detected by
using rabbit anti-CCMV polyclonal antibodies, followed by goat anti-rabbit AR
conjugate. Numbers 1-3, S73C; numbers 4-5, A152C; numbers 6-9, S130C;
number 10, wild type (K42R) used as a positive control.
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Fig 4.24. Electron micrograph of S130C. After purification, particles were
absorbed to carbon-coated grids, stained with 1% uranyl acetate, and examined
with a Leo LB electron microscope at magnification x50,000. Particles are
«28nm in diameter.

100

Coupling the Peptide to Mutant CCMV Using a Homobifunctional Linker
Each

mutant

was

coupled

to

peptide

44F.C

using

BMH,

a

homobifunctional linker, which linked the engineered cysteine sidechains on the
virus to the cysteines at the C-terminal of the peptides.

Peptide 44F.C was

dissolved fresh and reacted with a 2-fold molar excess of BMH. A 5-fold molar
excess of peptide-BMH conjugate over coat protein subunits was then reacted
with TCEP-treated virus particles. SDS-PAGE and silver staining of the products
showed that CCMV S130C produced the highest yield of conjugates (>50%),
while the other mutants had much less coupling (data not shown).

However,

some coat protein dimer was also observed in S130C-44F.C. Using anti-KLH-44
antibodies, the amount of the peptide attached to the mutant CCMVs was
assayed by ELISA. The amount of peptide was higher on S130C than on S73C
or A152C (Fig. 4.25).

To evaluate the amount of peptide on S130C

quantitatively, the SDS-PAGE gel of mutant conjugates was stained with the
fluorescent dye sypro ruby (Fig. 4.26) and the fluorescence intensity was
subsequently read u sing a B ioRad M olecular I mager™ FX ( Fig. 4.27). 11 was
clearly seen that S130C-44 had dramatically higher coupling (73% overall)
compared to the other m utants. H owever, a lot o f peptide was a Iso I inked to
subunit dimers and some subunit monomers appeared to have two peptides
attached (Fig. 4.26, lane 3).
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Fig 4.25. Comparison of the amount of peptides coupled to virus mutants
evaluated by ELISA. Plates were coated with conjugates at 0.5 pg/well. Mouse
anti-KLH-44F.C serum at dilution 1:3,000 was added to wells and detected by
alkaline phosphatase -labeled goat anti-mouse IgG. The OD values shown are
the mean of triplicate samples minus a background obtained from the binding of
antibody to unconjugated coat protein. Error bars indicate the standard deviation
of the triplicate samples.
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Fig 4.26. Sypro ruby staining of virus mutant conjugates. Proteins were
separated electrophoretically on a 12.5% SDS-PAGE polyacrylamide gel and
stained with Sypro ruby. Bands were visualized by fluorescence and image was
scanned using a Molecular Imager ™ FX. Lane 1, unconjugated S130C; lane 2,
S73C-44F.C; lane 3, S130C-44F.C; lane 4, A152C-44F.C.
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Fig 4.27. Fluorescence Intensity of sypro ruby gel staining of S130C-44F.C.
Protein gel stained with sypro ruby was visualized by fluorescence and the image
was scanned on a BioRad Molecular Imager ™ FX. Each peak represents the
fluorescence intensity of an individual band in Fig 4.26, lane 3. Intensity of
fluorescence denoted as peak CNT on the y-axis is plotted against relative front,
the distance from the well to each band, on the x-axis. The number labeled at
each peak represents relative quantity.
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Comparison of Coupling to S130C between 44F.C and 19A.C
When peptides were attached to CCMV using SPDP or SMCC
crosslinkers, CCMV-19 seemed to have a very low percentage of coupling
compared to the conjugates with other peptides. To determine whether peptide
19A.C could efficiently link to the S130C virus, the S130C-19A.C conjugation
products were run on SDS-PAGE and stained with sypro ruby and the
fluorescence intensity quantitated.

In this experiment, the amount of peptide

19A.C linked to S130C was comparable to the coupling of peptide 44F.C to
S130C (Fig. 4.28, lane 4, 5 compared to lane 1, 2), Thus, there was no problem
coupling peptide 19A.C to S130C in contrast to the results obtained with coupling
to wild type virions using heterobifunctional linkers.
HPLC Purification of Peptide-Linker Conjugates

Although total percentage of peptide coupling was increased using the
S130C mutant, much of the peptide was linked to subunit dimers rather than to
the coat protein subunit. Since the dimerization caused by linker resulted in viral
aggregation it was decided to remove the excess linker prior to coupling the
peptide-linker conjugate to the virus. Reverse phase HPLC was run to purify the
peptide-BMH mixture using a semi-preparative C-4 column and a gradient of 1090% acetonitrile. The trace of the OD23Oshowed 4 peaks at retention times of 3,
16.5, 18 and 23 minutes (Fig. 4.29).

The fractions were analyzed by MALDL

TOF mass spectroscopy. The fraction with a retention time of 18 minutes
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Fig 4.28. Sypro ruby staining of S130C-44F.C and S130C-19A.C conjugates.
Proteins were separated on a 12.5% SDS-PAGE gel and stained with Sypro
ruby. Gel was visualized by fluorescence and image was scanned using the
Molecular Imager ™ FX. Lanes 1 and 2, S130C-44F.C conjugate; lane 3, S130C
unconjugated; lanes 4 and 5, S130C-19A.C conjugate; lane 6, unconjugated
S130C.
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Fig 4.29. Reverse-phase HPLC chromatography. Chromatography was carried
out on a semi-preparative C4 column, as described in Material and Methods.
Fractions were collected and analyzed by MALDI-TOF mass spectroscopy. The
y-axis represents absorbance at 230 nm (3AU=10 mV full scale)
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contains most of the peptide-linker conjugate and showed a dominant peak with
the expected molecular weight of the conjugate at 1321.6 (Fig. 4.30).

This

fraction was coupled to CCMV S130C and the product was analyzed by SDSPAGE and sypro ruby staining, as shown in Figure 4.31. Most of the peptide was
found to be linked to the coat protein subunit at 1 peptide per subunit (seen as
the strongest band) with small amounts of unconjugated subunit and subunit with
two peptides attached. With the additional HPLC purification step the production
of dimers or multimers caused by excess linker was prevented.

Immunization of Mice with CCMV SI SOC-Peptide Conjugates
To evaluate whether having more peptide conjugated to the CCMV
particles would induce the production of more anti-peptide antibodies than in the
previous experiments, mice were immunized with S130C-44 or S130C-19
conjugates and their sera were tested by ELISA to measure the titer of antibodies
against the peptide to which they were raised. After the first boost, sera from
S130C-44 immunized mice had titers ranging from 1:1,000 to 1:10,000 (Fig.
4.32). There was variation in the group, with one mouse having a strikingly high
titer. All 3 mice had higher titers after a second boost and the range of titers was
from 1:5,000 to 1:10,000 (Fig. 4,33), where titers was lower than that seen
previously with SPDP-conjugated CCMV-44, which had been 1:10,000-1:50,000
(Fig. 4.11). This indicated that having more peptide attached to the virus would
not induce a higher antibody titer. Similar results were obtained from mice
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Fig 4.30. MALDI-TOF mass spectroscopy of the HPLC-purified fraction eluted at
a retention time of 18 minutes. The spectrum shows the singly charged peptide
ion of m/z 1321.6, corresponding to the BMH-peptide conjugate. Experiment
was performed by R. Wilkinson.
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Fig 4.31. Sypro ruby staining of S130C-44F.C conjugate after HPLC purification
of excess BMH.
Proteins were separated on a 12.5% SDS-PAGE gel and
stained with Sypro ruby. Gel was visualized by fluorescence and image was
scanned using the Molecular Imager™ FX. Lane 1, unconjugated S130C; lanes
2 and 3, S130C-44F.C conjugate.
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Fig 4.32. Anti-peptide activity of the first bleed sera from S130C-44F.C
immunized mice by ELISA. Mice were immunized with the conjugate in CFA and
boosted once in IFA. Serial dilutions of sera were bound to wells coated with 0.1
pg OVA-44F.C. The reactivity to peptide 44F.C was detected using goat anti
mouse alkaline phosphatase conjugate. O D 4 0 5 values that were greater than
twice the background obtained from sera binding to unconjugated OVA coated
wells at dilution 1:1,000 were considered positive (usually >0.16). All OD values
shown are the mean of triplicate samples with SD
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Fig 4.33. Anti-peptide activity of the second bleed sera from S130C-44F.C
immunized mice by ELISA. Mice were immunized with the conjugate in CFA and
boosted twice in IFA. Serial dilutions of sera were bound to wells coated with 0.1
pg OVA-44F.C. The reactivity to peptide 44F.C was detected using goat anti
mouse alkaline phosphatase conjugate. OD 4 0 5 values that were greater than
twice the background obtained from sera binding to unconjugated OVA coated
wells at dilution 1:1,000 were considered positive (usually >0.16). All OD values
shown are the mean of duplicate samples with SD shown as error bars.
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immunized with S130C-19 conjugates. The sera collected after the first boost
were lower than 1:1,000 but increased to 1:1,000-1:20,000 after the second
boost (Fig. 4.34 and 4.35, respectively). However, the titer was still much lower
compared to that o f the mice immunized with the S PDF-conjugated CCMV-19
which had ranged from 1:10,000 to 1:100,000 (Fig. 4.14). This result supported
the conclusion that more peptide per virion would not induce higher anti-peptide
activity.

The anti-carrier titers were also measured to determine whether the

S130C virus mutant still was immunogenic. The results showed that S130C-44
and S130C-19 could induce strong immune responses against the virus carrier at
titers above 1:20,000 (Fig. 4.36 and 4.37, respectively), comparable to the anti
carrier titers observed with the SPDP conjugates (Fig. 4.12 and 4.15).

Immunization with KLH-44 and KLH-19

Keyhole, limpet hemocyanin (KLH) is a widely used carrier, which is well
known to induce strong immune responses to attached peptides, maleimideactivated mcKLH (Pierce Chemical Co.) was conjugated to peptide 44F.C or
19A.C and the conjugate was used to immunize mice. Sera from these mice
were assayed for anti-peptide and anti-carrier activity. After the first boost, the
anti-peptide titers of the sera from KLH-44 immunized mice ranged from 1:5,000
to more than 1:20,Q00 (Fig. 4.38). The titer increased after the second boost for
two of the mice, but that from mouse 2 dropped, so the average titer was about
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Fig 4.34. Anti-peptide activity of the first bleed sera from S130C-19A.C
immunized mice by ELISA. Mice were immunized with the conjugate in CFA and
boosted once in IFA. Serial dilutions of sera were bound to wells coated with 0.1
pg OVA-19A.C. The reactivity to peptide 19A.C was detected using goat anti
mouse alkaline phosphatase conjugate. OD40S values that were greater than
twice the background obtained from sera binding to unconjugated OVA coated
wells at dilution 1:1,000 were considered positive (usually >0.16). All OD values
shown are the mean of triplicate samples with SD shown as error bars.
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Fig 4.35. Anti-peptide activity of the second bleed sera from S130C-19A.C
immunized mice by ELISA. Mice were immunized with the conjugate in CFA and
boosted twice in IFA. Serial dilutions of sera were bound to wells coated with 0.1
pg OVA-19A.C. The reactivity to peptide 19A.C was detected using goat anti
mouse alkaline phosphatase conjugate. OD405 values that were greater than
twice the background obtained from sera binding to unconjugated OVA coated
wells at dilution 1:1,000 were considered positive (usually >0.16). All OD values
shown are the mean of duplicate samples with SD shown as error bars.
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Fig 4.36. Anti-carrier activity of sera from S130C-44F.C immunized mice. ELISA
plates were coated CCMV S130C at 0.5 pg/well. Mouse sera from the second
bleed were added to wells in serial dilutions and detected using goat anti-mouse
alkaline phosphatase conjugate. The binding of pre-immune sera to the virus at
dilution 1:1,000 usually gave OD value <0.10 and was used as a negative
control. All OD values shown are the mean of triplicate samples with SD shown
as error bars.
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Fig 4.37. Anti-carrier activity of sera from S130C-19A.C immunized mice. ELISA
plates were coated with CCMV S130C at 0.5 pg/well. Mouse sera from the
second bleed were added to wells in serial dilutions and detected using goat anti
mouse alkaline phosphatase conjugate. The binding of pre-immune sera to the
virus at dilution 1:1,000 usually gave OD value <0.10 and was used as a
negative control. All OD values shown are the mean of duplicate samples with
SD shown as error bars.
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Fig 4.38. Anti-peptide activity of the first bleed sera from KLH-44F.C immunized
mice by ELISA. Mice were immunized with the conjugate in CFA and boosted
once in IFA. Serial dilutions of sera were bound to wells coated with 0.1 ^g OVA44F.C. The reactivity to peptide 44F.C was detected using goat anti-mouse
alkaline phosphatase conjugate. O D 4 0 5 values that were greater than twice the
background obtained from sera binding to unconjugated OVA coated wells at
dilution 1:1,000 were considered positive (usually >0.16). All O D values shown
are the mean of triplicate samples with SD shown as error bars.
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the same (fig. 4.39). For anti-carrier activity, the titers of sera against KLH were
higher than 1:40,000 (fig. 4.40).
The sera from the first bleed of KLH-19 immunized mice had anti-peptide
titers ranging from 1:5,000 to more than 1:20,000, which increased slightly in the
second bleed (Fig. 4.41 and 4.42, respectively).

Comparing sera from all the

conjugate-immunized mice, CCMV appeared to be the best carrier, inducing the
strongest anti-peptide antibody titers for both peptide 44 F C and 19 A.C in the
presence of Freund’s adjuvant. Compared between both peptides, 19 A.C was
more effective in inducing an anti-peptide immune response than 44 F.C even
though there was less of it coupled to the CCMV coat proteins.

Isotypinq of Sera from Mice Immunized with CCMV, CPMV and KLH Conjugates

The antibody isotypes in the sera from mice immunized with carrierpeptide conjugates formulated with complete Freund’s adjuvant (CFA) were
determined. The sera from CCMV-44F.C and KLH-44 F.C immunized mice had
both lgG2a and IgGI high levels, indicating both TM and Th2 responses (Fig.
4.43 and 4.44, r espectively). H owever, I gG2b was a Iso high in the s era from
KLH-44 immunized mice.

Interestingly, the sera from mice-immunized with

CPMV-44 in CFA had IgGI antibody dominant over lgG2a in all mice. The level
of lgG2a was comparable with that of lgG2b and higher than lgG3 (Fig. 4.45).
This suggests that the CPMV-44 induced a Th2 oriented response.
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Fig 4.39. Anti-peptide activity of the second bleed sera from KLH-44F.C
immunized mice by ELISA. Mice were immunized with the conjugate in CFA and
boosted twice in IFA. Serial dilutions of sera were bound to wells coated with 0.1
pg OVA-44F.C. The reactivity to peptide 44F.C was detected using goat anti
mouse alkaline phosphatase conjugate. O D 4 0 5 values that were greater than
twice the background obtained from sera binding to unconjugated OVA coated
wells at dilution 1:1,000 were considered positive (usually >0.16). All OD values
shown are the mean of triplicate samples with SD shown as error bars.
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Fig 4.40. Anti-carrier activity of sera from KLH-44F.C immunized mice. ELISA
plates were coated with KLH at 0.1 pg/well. Mouse sera from the second bleed
were added to wells in serial dilutions and detected by goat anti-mouse alkaline
phosphatase conjugate. The binding of pre-immune sera to unconjugated KLH
at dilution 1:1,000 usually gave OD value <0.10 and used as a negative control.
All OD values shown are the mean of duplicate samples with SD shown as error
bars.
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Fig 4.41. Anti-peptide activity of the first bleed sera from KLH-19A.C immunized
mice by ELISA. Mice were immunized with the conjugate in CFA and boosted
once in IFA. Serial dilutions of sera were bound to wells coated with 0.1 pg OVA19A.C. The reactivity to peptide 19A.C was detected by goat anti-mouse alkaline
phosphatase conjugate.
O D 4 0 5 values that were greater than twice the
background obtained from sera binding to unconjugated OVA coated wells at
dilution 1:1,000 were considered positive (usually >0.16). All O D values shown
are the mean of triplicate samples with SD shown as error bars.
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Fig 4.42. Anti-peptide activity of the second bleed sera from KLH-19A.C
immunized mice by ELISA. Mice were immunized with the conjugate in CFA and
boosted twice in IFA. Serial dilutions of sera were bound to wells coated with 0.1
pg OVA-19A.C. The reactivity to peptide 19A.C was detected by goat anti
mouse alkaline phosphatase conjugate. OD405 values that were greater than
twice the background obtained from sera binding to unconjugated OVA coated
wells at dilution 1:1,000 were considered positive (usually >0.16). All OD values
shown are the mean of triplicate samples with SD shown as error bars.
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Fig 4.43. Isotype determination of IgG in mice immunized with CCMV-44F.C
conjugate in the presence of CFA. Sera at dilution 1:200 were bound to wells
coated with 0.1 pg of OVA-44F.C conjugate. ELISA was performed as described
in Materials and Methods. Shown are the levels of IgG I, lgG2a, lgG2b or IgGS
specific for peptide 44F.C. Histograms represent the mean OD40S value of
triplicate samples with SD shown as error bars.
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Fig 4.44. Isotype determination of IgG in mice immunized with KLH-44F.C
conjugate in the presence of CFA. Sera at dilution 1:200 were bound to wells
coated with 0.1 ^g of OVA-44F.C conjugate. ELISA was performed as described
in Materials and Methods. Shown are the levels of lgG1, lgG2a, lgG2b or IgGS
specific for peptide 44F.C. Histograms represent the mean OD4Os value of
triplicate samples with SD shown as error bars.

125

Fig 4.45. Isotype determination of IgG in mice immunized with CPMV-44F.C
conjugate in the presence of CFA. Sera at dilution 1:200 were bound to wells
coated with 0.1 pg of OVA-44F.C conjugate. ELISA was performed as described
in Materials and Methods. Shown are the levels of IgG I1 lgG2a, lgG2b or IgGS
specific for peptide 44F.C. Histograms represent the mean O D 405 value of
triplicate samples with SD shown as error bars.
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Immunization of Mice Using Conjugates without an Adjuvant
Immunization of mice with carrier-peptide conjugates in CFA induced
strong immune responses with both TM and Th2 orientations. To determine
whether the conjugates themselves were strong immunogens, the conjugates
were administered without an adjuvant and the sera were assayed for anti
peptide

and

anti-carrier

activities.

The

sera

from

mice

immunized

intraperitoneally (i.p.) with KLH-44 and boosted once or twice i.p. had titers
against peptide 44F.C just slightly above background.

However, after a third

subcutaneous (s.c.) boost, anti-peptide activity was detected at titers of 1:1,0001:5,000 (Fig. 4.46). In contrast, the anti-carrier titers were high (above 1:20,000)
and comparable to the levels found using CFA (Fig. 4.47).

No anti-peptide

activities were detected in sera from CCMV S130C-44F.C conjugate immunized
mice injected either i.p. or s.c., even after 3 boosts (Fig. 4.48).

The anti-carrier

titers were also significantly lower (1:1,000), compared to those obtained using
CFA (Fig. 4.49).

Isotypinq of Sera from Mice Immunized without an Adjuvant

When mice were immunized with KLH-peptide conjugates without an
adjuvant, the sera obtained had comparable titers of all IgG subtypes: IgG I,
lgG2a, lgG2b, and IgGS (Fig. 4.50). In contrast, sera of the third bleed from mice
immunized 3 times i.p. and once s.c. using S130C-44F.C without CFA had the
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Fig 4.46. Anti-peptide activity of the third bleed sera from KLH-44F.C immunized
mice without CFA. Serial dilutions of sera were bound to wells coated with 0.1
pg OVA-44F.C. The reactivity to peptide 44F.C was detected by goat anti-mouse
alkaline phosphatase conjugate. OD40S values that were greater than twice the
background obtained from sera binding to unconjugated OVA coated wells at
dilution 1:1,000 were considered positive (usually >0.16). All OD values shown
are the mean of triplicate samples with SD shown as error bars.
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Fig 4.47. Anti-carrier activity of the third bleed sera from KLH-44F.C immunized
mice without CFA. ELISA plates were coated with KLH at 0.1 pg/well. Mouse
sera were added to wells in serial dilutions and detected using goat anti-mouse
alkaline phosphatase conjugate.
The binding of pre-immune sera to
unconjugated KLH at dilution 1:1,000 usually gave OD value <0.10 and was used
as a negative control. All OD values shown are the mean of triplicate samples
with SD shown as error bars.
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Fig 4.48. Anti-peptide activity of the third bleed sera from S130C-44F.C
immunized mice without CFA. Serial dilutions of sera were bound to wells
coated with 0.1 ^g OVA-44F.C. The reactivity to peptide 44F.C was detected by
goat anti-mouse alkaline phosphatase conjugate. OD405 values that were greater
than twice the background obtained from sera binding to unconjugated OVA
coated wells at dilution 1:1,000 were considered positive (usually >0.16). All OD
values shown are the mean of triplicate samples with SD shown as error bars.
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Fig 4.49 Anti-carrier activity of the third bleed sera from S130C-44F.C
immunized mice without CFA. ELISA plates were coated with CCMV S I30C at
0.5 pg/wells. Mouse sera were added to wells in serial dilutions and detected
using goat anti-mouse alkaline phosphatase conjugate.
The binding of preimmune sera to unconjugated CCMV SI SOC at dilution 1:1,000 usually gave CD
value <0.10 and was used as a negative control. All CD values shown are the
mean of triplicate samples with SD shown as error bars.
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Fig 4.50. Isotype determination of IgG in mice immunized with KLH-44F.C
conjugate without CFA. Sera at dilution 1:200 were bound to wells coated with
0.1 pg OVA-44F.C conjugate. ELISA was performed as described in Materials
and Methods. Shown are the levels of IgG I, lgG2a, lgG2b or IgGS specific for
peptide 44F.C. Histograms represent the mean O D 4 0 5 value of triplicate samples
with SD shown as error bars.
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IgGI subtype dominant over all other subtypes (Fig. 4.51). Thus, it appeared
that the S130C-44 conjugate induced a Th2 orientated response in these mice.
Anti-Gol 20 Antibodies
Sera from mice immunized with carrier-peptide conjugates had anti
peptide activity against the respective peptide used, peptide 44F.C or 19A.C.
These results demonstrated that CD4 binding site mimetic sequences displayed
on the surface of virus carriers or KLH are immunogenic in mice. Those sera
were also analyzed for anti-gp120 and anti-gp160 antibodies. Sera from only 1
out of 3 CPMV-44F.C-immunized mice had significant anti-gp160IIIB activity
compared to the pre-immune serum at the same dilution (Fig. 4.52). Both antigp160IIIB and also antFgp120Bal activity was observed in the same mouse (Fig.
4.53). The sera from mice immunized with CPMV-19A.C showed anti-gp160IIIB
activity in 2 out of 3 mice (Fig. 4.54) and had anti-gp120Bal activity in all mice,
compared to p re-immune s era at the same d ilution ( Fig, 4.55). T hese results
were similar to those obtained with KLH-44F.C where 2 out of 3 mice had
significantly higher anti-gp160IIIB and anti-gp120Bal activity than pre-immune
serum at dilutions, 1:300 and 1:1,000 (Fig. 4.56 and 4.57, respectively). Sera
from all KLH-19 immunized mice had significantly higher anti-gp160IIIB and antigp120Bal activity than pre-immune controls (Fig. 4.58 and 4.59, respectively).
Similar results were obtained with sera from S130C-44F.C and -19A.C
immunized mice, where all mice in the group had strikingly higher anti-gp120Bal
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Fig 4.51. Isotype determination of IgG in mice immunized with 130C-44F.C
conjugate without CFA. Sera at dilution 1:200 were bound to wells coated with
0.1 ^g of OVA-44F.C conjugate. ELISA was performed as described in Materials
and Methods. Shown are the levels of IgG I, lgG2a, lgG2b or IgGS specific for
peptide 44F.C. Histograms represent the mean OD405 value of triplicate samples
with SD shown as error bars.
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Fig 4.52. Detection of anti-gp160IIIB antibodies in sera from CPMV-44F.C
immunized mice. Dilutions of sera were bound to wells coated with 0.1 pg
rgp160IIIB as indicated and detected using goat anti-mouse AR conjugate. The
binding of pre-immune sera at the same dilutions was used as a negative control.
Histograms represent the mean OD40Svalue of triplicate samples with SD shown
as error bars. Experiment was performed by Pincus group.
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Fig 5.53. Detection of anti-gp120 antibodies in sera from CPMV-44F.C
immunized mice. Sera at the dilutions indicated were added to wells coated with
0.1 pg HIV-I gp120Bal_ and detected using goat anti-mouse AP conjugate. The
binding of pre-immune sera at the same dilutions was used as a negative control.
Histograms represent the mean OD40Svalue of triplicate samples with SD shown
as error bars. Experiment was performed by Pincus group.
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Fig 4.54. Detection of anti-gp160IIIB antibodies in sera from CPMV-19A.C
immunized mice. Sera at dilutions indicated were bound to wells coated with 0.1
tag rgp160IIIB and detected using goat anti-mouse AR conjugate. The binding of
pre-immune sera at the same dilutions was used as a negative control.
Histograms represent the mean OD405 value of triplicate samples with SD shown
as error bars. Experiment was performed by Pincus group.
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Fig 4.55. Detection of anti-gp120 antibodies in sera from CPMV-19.C immunized
mice. Sera at the dilutions indicated were bound to wells coated with 0.1 pg
HIV-1 gp120Bal_ and detected using goat anti-mouse AR conjugate. The binding
of pre-immune sera at the same dilutions was used as a negative control.
Histograms represent the mean OD405 value of triplicate samples with SD shown
as error bars. Experiment was performed by Pincus group.

138

lO -i

m
o
a

0.8

-

0.6

-

V777\
I= I
RWl
RXW

Prebleed
IVbuseI
Mouse2
Mouses

o

0 .4 -

0.2

-

0.0
' 1: 1,000

'1:300
Dilution

Fig 4.56. Detection of anti-gp160IIIB antibodies in sera from KLH-44F.C
immunized mice. Sera at the dilutions indicated were bound to wells coated with
0.1 pg rgp160IIIB and detected using goat anti-mouse AP conjugate. The
binding of pre-immune sera at the same dilutions was used as a negative control.
Histograms represent the mean O D 4 0 5 value of triplicate samples with SD shown
as error bars. Experiment was performed by Pincus group.
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Fig 4.57. Detection of anti-gp120 antibodies in sera from KLH-44F.C immunized
mice. Sera at the dilutions indicated were bound to wells coated with 0.1 pg
HIV-1 gp120 and detected using goat anti-mouse AR conjugate. The binding of
pre-immune sera at the same dilutions was used as a negative control.
Histograms represent the mean O D 4 0 5 value of triplicate samples with SD shown
as error bars. Experiment was performed by Pincus group.
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Fig 4.58. Detection of anti-gp160IIIB antibodies in sera from KLH-19A.C
immunized mice. Sera at the dilutions indicated were bound to wells coated with
0.1 (j.g rgp160IIIB and detected using goat anti-mouse AR conjugate. The
binding of pre-immune sera at the same dilutions was used as a negative control.
Histograms represent the mean OD40Svalue of triplicate samples with SD shown
as error bars. Experiment was performed by Pincus group.
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Fig 4.59. Detection of anti-gp120 antibodies in sera from KLH-19A.C immunized
mice. Sera at the dilutions indicated were bound to wells coated with 0.1 ^g HIV1 gp120Bal_ and detected using goat anti-mouse AR conjugate. The binding of
pre-immune sera at the same dilutions was used as a negative control.
Histograms represent the mean OD40Svalue of triplicate samples with SD shown
as error bars. Experiment was performed by Pincus group.
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activity than pre-immune sera (Fig. 4.60 and 4.61, respectively). These results
indicated that the peptides used not only induced anti-peptide antibodies but also
induced anti-gp120 and anti-gp160 activities in mice, at least when compared to
pre-immune sera. To verify that that anti-HIV activities observed were specific to
the peptide attached to carriers, the anti-gp120 activities of CCMV- and CPMVpeptide conjugates were compared to those of sera from mice immunized with
conjugates of the same viruses with an irrelevant peptide, S9, or with CCMV
alone. As shown in F igure 4.62, CPMV-S9 and CCMV-S9 sera cross-reacted
with to gp120Bal while sera from mice immunized with CCMV alone did not. For
both CPMV-19 and CPMV-44 immunized mice, only 1 out of 3 had significantly
higher anti-gp120 titer than those immunized with the irrelevant peptide. One of
the CCMV-19 immunized mice and 2 out of 3 CCMV-44 immunized mice had a
markedly higher anti-gp120 titer than those mice immunized with irrelevant
peptide (Fig. 4.62). These sera were also used in FACS experiments looking for
binding to HIV-infected cells expressing gp120 on their surface, as well as in HIV
neutralization assays (both performed by Pincus lab). The results did not show
any significant binding by the immune sera to HIV-infected cells nor any
neutralization activity (data not shown).
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Fig 4.60. Detection of anti-gp120 antibodies in sera from S130C-44F.C
immunized mice. Sera at dilution 1:300 were bound to wells coated with 0.1 pg
HIV-1 gp120Bal_ and detected using goat anti-mouse AR conjugate. The binding
of pre-immune sera at the same dilution was used as a negative control.
Histograms represent the mean OD405 value of triplicate samples with SD shown
as error bars. Experiment was performed by Pincus group.
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Fig 4.61. Detection of anti-gp120 antibodies in sera from S130C-19A.C
immunized mice. Sera at dilution 1:300 were bound to wells coated with 0.1 pg
HIV-1 gp120Bal_ and detected using goat anti-mouse AR conjugate. The binding
of pre-immune sera at the same dilution was used as a negative control.
Histograms represent the mean OD405 value of triplicate samples with SD shown
as error bars. Experiment was performed by Pincus group.
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Fig 4.62. Comparison of anti-gp120 antibody level in mice immunized with
various virus conjugates. Sera at dilution 1:300 were bound to wells coated with
0.1 |ig HIV-1 gp120Bal_ and detected using goat anti-mouse AP conjugate. The
binding of sera to gp120 was compared with the sera from mice immunized with
conjugates of an irrelevant peptide, S9, conjugates and of CCMV alone. CC and
CV represent CCMV and CPMV1respectively. Histograms represent the mean
OD405VaIue of triplicate samples with SD shown as error bars. Experiment was
performed by the Pincus group.
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CHAPTER FIVE
SUMMARY AND DISCUSSION
Summary and Discussion
Many attempts were made to develop an HIV vaccine based on HlV
gp120 sequences at the CD4 receptor binding site, which exhibits a relatively
high degree of conservation. Ideally, a carrier molecule would act as a scaffold
and constrain the HIV peptide in a stable conformation, presenting it to the
immune system and eliciting a range of antibodies that would hopefully crossreact with HIV.

The CCMV virus, whose structure has been determined to

atomic resolution, was selected as a carrier because it theoretically allowed the
design o f coat proteins carrying HIV peptides in constrained conformations on
the surface of the assembled virion.
In the initial study, different “loop” regions from conserved region 4 and
variable region 4 of HIV gp120 that form part of the CD4 binding site were
inserted into each of the 4 surface-exposed loops of the CCMV coat protein by
means of genetically modifying the viral genome. Presumably, such a chimeric
CCMV would carry 1 80 copies o f HIV peptide per virion. H owever, when the
modified CCMV RNAs were inoculated into a plant host, only local lesions on the
inoculated leaves appeared and no intact virus particles were formed, suggesting
that modification of the coat protein subunit compromised virion assembly in the
plant host. There appeared to be a constraint on the size of loops that did not
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allow introducing even a moderate-sized foreign fragment of about 10 residues.
Expression of chimeric coat proteins was also tried in a yeast system. Many
subunit proteins with HIV inserts were produced in yeast; however, most of the
protein was found in the yeast pellet after cell lysis, presumably due to misfolding and/or aggregation of subunit proteins.

Furthermore, most of the viral

particles found in the cell supernatant were not the proper size and shape for T=3
virus capsids.

It was possible that genetic modification of the coat proteins

caused their chemical properties to change. When expressed at high levels,
chimeric coat proteins might interact with each other inappropriately and cause
aggregation. The failure of virus assembly in both plant and yeast systems may
have reflected an inflexibility of the CCMV coat protein in protein-protein
interactions needed for capsid assembly.
Since the CCMV assembly was so sensitive to genetically introducing a
foreign sequence into the coat protein, epitope-presentation systems were
developed in which the peptide sequence was chemically attached to an amino
acid sidechain residue of the CCMV coat protein on intact viral capsids.

The

synthetic peptides that were used corresponded to phagotopes selected from a
random peptide phage display library by antibodies to the conformationally
determined epitopes at the CD4 binding site of HIV gp120.

With the aim of

inducing a humoral immune response resembling that induced by the original
antigen that elicited these antibodies, immunogens were prepared by chemically
coupling the synthetic peptide to different carriers (CCMV and CPMV capsids
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and KLH) and determining which carrier or linker was better in linking the peptide
to the carrier.

Furthermore, the peptide conjugates were used in immunizing

mice and the anti-peptide antibody titers were measured.

It was hypothesized

that having more peptide attached to the carriers would induce higher anti
peptide antibody titers.
Heterobifunctional linkers were first used to couple a cysteine sidechain of
peptides 44F.C and 19A.C to a lysine sidechain of salt stable (K42R) CCMV
capsids isolated from yeast. C omparing the two linkers tried, SPDP acted as
efficiently as suIfo-SMCC in coupling to CCMV (data using SPDP as shown here
compared to that using sulfo-SMCC performed by R. Pomwised, unpublished).
However, the problems with using these linkers in CCMV were low yields of
conjugate and viral aggregation. It was expected that if viral aggregation were
reduced, more virus surface would be available to attach to a peptide. The fact
that CCMV contains three or four reactive lysines on the surface per subunit may
have caused unwanted reactions, such as coupling uncontrollable amounts of
peptides per subunit. Moreover, if the lysines were close to each other on the
CCMV surface a suIfhydryl reactive group of an excess linker molecule may
nonspecifically reacted with another lysine sidechain and cause coupling
between lysines or reacted with one of the two cysteine residues in the CCMV
coat protein. These cysteine residues are “buried” in the CCMV crystal structure,
but may in fact be accessible as the protein “breathes”, resulting in a loss of
peptide coupling sites.
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Due to low coupling and high aggregation in CCMV, coupling a peptide to
the CPMV capsid protein offered an advantage, because CPMV was reported to
contain only one reactive lysine site on the surface per large and small subunit
pair. The results from the Scripps group showed that one peptide was linked to
the reactive lysine which is located at small subunit of the coat protein (118). In
this case, 60 peptides would be attached per viral particle (1 peptide per subunit).
However, our results showed more than one peptide attached to each small
subunit and also peptide attached to the large subunit. I t i s possible that the
sulfo-SMCC we used in coupling peptide to CPMV was more reactive and less
selective than the fluorescein N-hydroxysuccinimide ester they used in their
experiments.

This notion was supported by the fact that we used less peptide

but obtained more linking (we used 20 molar excess of sulfo-SMCC over coat
protein subunit, while they used 200 dye molecules to I coat protein subunit in
order to get 1 dye per subunit).

Using both linkers, excess linking reagent

remaining in the reaction may have interfered with the peptide coupling reaction
and caused viral crosslinking. When the S130C mutant virus containing a single
cysteine residue introduced at an optimum site on each subunit was coupled to
the peptide using BMH, higher conjugation yields and less viral aggregation were
obtained because the cysteine located inside of the doughnut-shape capsomere
was not too exposed on the surface where it would easily couple to a cysteine
from another virus and not too close to a cysteine on an adjacent subunit,
preventing intra-viral crosslinking. Moreover, the excess linker, which was one of
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the factors that caused viral aggregation, was also eliminated by purifying the
linker-peptide conjugate by HPLC before adding the virus. Thus, peptide 19A.C,
which had previously coupled far less than peptide 44F.C to CCMV, became
attached equally well to CCMV S130C. It was noteworthy that peptide 19A.C
itself had attached well to the SPDP linker by itself in the kinetic assay (Fig. 4.4).
Similar to the kinetic assay, good coupling of peptide 19A.C was also observed in
the S130C-19A.C conjugate where the peptide was attached first to the linker.
In making the CCMV-19A.C and CPMV-19A.C conjugates, the virus carriers
were attached to the linker first and then to the peptide. Comparing between the
two viruses, peptide 19A.C probably coupled far more to CPMV, because a 60
molar excess was used over CPMV coat protein subunit, while only a 10 molar
excess of peptide over CCMV coat protein subunit was used

Thus, peptide

19A.C had more chances to attach to CPMV than to CCMV.

Comparing

attachment of peptides 19A.C and 44F.C to the CCMV, peptide 19A.C may have
attached less to CCMV because peptide 19A.C is more hydrophobic.

The

peptide molecules might bind to each other due to hydrophobic interaction or
bind to unexpected sites on the virus, thereby lowering its yield in coupling to the
virus.
When we succeeded in getting good coupling of peptides 19A.C and
44F.C to S130C, we anticipated that more peptide per carrier would elicit more
anti-peptide antibodies. After CCMV S130C conjugated with peptide (44F.C or
19A.C) was used to immunize mice, anti-peptide antibody titers were compared
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to the titer of sera from mice immunized with other conjugates, made by
attaching peptides to other carriers, CCMV, CPMV, which had less peptide, as
well as to KLH. The ideal carrier should have its own immunogenicity and be
capable of presenting the peptide to be recognized by immune system, and thus
increase the peptide’s immunogenicity. All carriers used in these experiments
were immunogenic because the anti-carrier antibody titers were comparable
when they were immunized with an adjuvant.
There was some variation in anti-peptide titer between the 3 mice in each
group immunized with the same conjugate, because an outbred strain (CD1) was
used.

However, when comparing the average anti-peptide antibody titer from

each group, a conclusion could be drawn that the amount of peptide attached to
the carrier was not a factor in determining the anti-peptide antibody titer. The
CCMV-19 A.C conjugate, which had far less peptide attached than the CPMV19A.C conjugate, elicited a higher anti-peptide titer (1:10,000-100,000) versus
(1:1,000-5,000).

Furthermore, S130C-44F.C and S130C-19A.C, which had

higher coupling yields than the CCMV conjugates, produced a lower anti-peptide
antibody titers (1:5,000-10,000 and 1:1,000-20,000) than CCMV-44F.C and
CCMV-19A.C (1:10,000-50,000 and 1:10,000-100,000). It was possible that the
peptides attached to CPMV and S130C might not be exposed as well as on the
capsid surface because of the different attachment sites used. Thus, aside from
the amount of peptide attached to a carrier, the exposure of peptide on the
carrier surface should be taken into account. To determine how well a peptide
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exposed on the viral surface, the peptide-virus conjugates could be crystallized
and the structures compared to determine whether there is a correlation between
which peptide is exposed well on the viral surface and which induces a strong
immune response.

However, good crystal structure of the peptide-virus

conjugate cannot be obtained if the peptides are not uniformly attached to all the
viral subunits.
In comparing our results to those of the Pincus group with peptide S9, the
anti-peptide antibody titers of our sera from CCMV and CPMV conjugates were
lower in spite of getting comparable yields of conjugates (Fig. 4.1 lanes 3 and 5).
It was possible that this was due to the fact that a different immunization protocol
was used. The Pincus group always immunized mice with equivalent amounts of
peptide while we used equivalent amounts of carrier conjugate.

Having too

much or too little peptide attached to the carrier might induce less immune
response or possibly tolerance.

Moreover, the route and period of immunization

as well as the strain of mice used in our laboratory and theirs were different.
Comparing all the carriers used to immunize mice with an adjuvant, CCMV
appeared to be the best carrier in presenting a peptide to the immune response.
In spite of less coupling of both peptides to CCMV, conjugates would induce
stronger anti-peptide antibody titers than the other conjugates.

In vaccine

development for humans use, the adjuvant we used would be too toxic. A good
carrier should therefore be very immunogenic by itself.

The data from the

immunizations showed that CCMV S130C was poorly immunogenic by itself,
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because only low anti-carrier and no anti-peptide antibody titer were detected
when immunizing mice without the adjuvant. Based on the results obtained here,
CCMV might not be suitable in the long run for human immunizations, where
strong adjuvants should be avoided because of their toxicity.

In contrast, KLH

was a more immunogenic carrier in the absence of adjuvant, as shown in high
anti-carrier titers (above 1:20,000) when immunized without CFA, although anti
peptide titers observed were not as strong as seen with KLH in CFA.

However,

our results were different from the Pincus group, for whom mice immunized with
KLH, CPMV and CCMV conjugates to peptide S9 without CFA had both higher
carrier antibody titers and higher anti-peptide antibodies titers than our mice. It
may not be appropriate to draw conclusions before following the immunization
protocol used in his laboratory with our conjugates, but a follow up experiment
using subcutaneous immunizations of balb/c mice with S130-44F.C again
showed

much

lower

titers

than

mice

immunized

with

KLH-44

IgG isotypes were determined in sera from mice immunized with KLH44F.C or S130C-44F.C without an adjuvant to investigate whether immunization
of mice with S130C-44F.C in the absence of adjuvants may have resulted in
tolerance.

In the

absence of adjuvants,

sera from

S130-44F.C were

predominantly IgG I, indicating a Th-2 type of immune response. This kind of
response is u sually a ssociated with tolerance rather than immunity. T ypically,
breaking of tolerance is associated with a Th-1 type of immune response (119).
In contrast, KLH induced an immune response that was both Th-1 and Th-2,
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where all IgG subtype levels were comparable, which was similar to the results
from the Pincus group with peptide S9 conjugates.

However, sera from mice

immunized with CCMV conjugates in the absence of CFA by the Pincus group
had predominantly lgG2a, indicating a Th-1 type response.

It was possible that

the different peptide sequences used led to different Th polarization.
The results of experiments to detect anti-gp160IIIB and anti-gp120Bal
antibodies in sera of mice immunized with peptide conjugates in Freund’s
adjuvant were inconclusive. Only some mice showed titers significantly above
those of the pre-immune sera.

There was no anti-gp120 activity in sera from

CCMV carrier control mice but those from mice immunized with CCMV and
CPMV conjugated to an irrelevant peptide, S9 showed some activities. FACS
analysis did not show any significant binding of the immune sera to HIV-infected
cells and no neutralization activity was detected. However, the low anti-gp120
antibody titers in the sera might not be sufficient to detect the lower amount of
gp120 on HIV-infected cells compared to the ELISA assays.

Thus, more

experiments need to be performed to determine whether any of the “anti-gp120
activity” observed in sera is due to specific anti-gp120 antibodies. For example,
if the peptide, in increasing concentrations, can inhibit the binding of the
antibodies in the sera to gp120 or gp160, this would argue that the cross-reactive
serum antibody binding observed might be due to specific anti-gp120 or gp160
antibodies.
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It was proposed that the peptides corresponding to selected phagotopes
could adopt the conformations that mimic the epitopes in HIV gp120 and would
be capable of eliciting an immune response similar to that of the original patients
who made the antibodies which were used to select the phage (F105 or 5145A),
and that therefore these peptides might also be appropriate for developing a
vaccine.

In the inhibition assays, the synthetic peptides competed with gp120

for binding to the mAbs used in phage selection, indicating that the peptides
bound the same antigenic site of the mAb as gp120 (J. Jacobs, unpublished).
The binding between the peptide displayed on the phage and the mAb might
result from the phage surface constraining the peptide insert in a specific
conformation, which facilitated in the binding to the mAb. A study has helped in
gaining insight the role of the mimotope carrier in inducing of a specific immune
response (120).

In this experiment, mice were immunized with phage display

peptide sequences, inserted in the N-terminal region o f the major coat protein
pVIII that had been selected by an anti-HBsAg mAb, which presumably mimicked
an epitope of the human hepatitis B surface antigen (HBsAg).

The humoral

immune response of phagotope-immunized animals was compared with those of
a recombinant HBsAg vaccine or with the mimotope sequence on different carrier
molecules (phage coat protein pill, recombinant human H ferritin, HBV core
peptide) flanked by a few residues from the pVIII sequence. The results revealed
that the phages as originally selected with peptide displayed on (pVIII) are the
best form of immunogen in mice, inducing the most reproducible and potent
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immunization (120).

Unlike pVIII, which is present in 2700 copies per phage,

pill, the protein on which the peptides were displayed in our study, is present in
only 3-5 copies per phage particle. Only 10-30% of all the pVIII molecules can
display the mirhotopes (120), but even so, animals injected with the same
amount of phage particle would receive between 50 and 160 times less
mimotopes displayed on pill molecules than those on pVIII.

Thus, it would be

difficult to immunize with sufficient phage carrying mimotope on pill molecules in
order to get a comparable amount of peptide to the amount used on the pVIII
molecule in inducing an immune response. This was a limitation of our study, so
finding another good carrier may be the only option. So far, the virus carriers
(CCMV and CPMV) as well as the KLH used in these experiments each offer
some advantages and disadvantages. It took time to grow and purify the virus,
and couple it. However, as CCMV is resistant to low pH, these viruses might be
developed for

mucosal

immunizations

such

as oral,

nasal

or genital

immunization, which is also the entry route of HIV. KLH is widely used as a
carrier but the costs would be high if large amounts were needed.
When our synthetic peptides based on sequence from phage display
libraries were coupled to a carrier they showed no reactivity with the mAb (data
not shown). When it bound to the corresponding mAb, the free peptide acted as
an antigenic mimic because it was flexible and could adopt a conformation that
allowed binding to the selecting antibody. Coupling to a carrier, however, may
favor different conformations of the same peptide, hence changing its properties
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as mimotope. Thus, it may have lost its mimicry to the original antigen and would
not be able to elicit cross-reacting antibodies or fail as an immunogenic mimic.
Alternatively, the peptide may be an antigenic mimic without being a true
structural mimic. Such a peptide would bind the selecting mAb in an entirely
different way than does the original authentic epitope. In this case the peptide
would be expected to elicit new antibodies that fit it in different ways than the
original selecting mAb did.
The linear random peptide phage display library may not be the best
source for screening epitopes, especially discontinuous epitopes.

Since the

length of peptide was so short («9 residues), it is difficult to generate e nough
structural diversity.

Moreover, the conformation may have been flexible when

one end was free, so the peptide could adopt a range of conformations that might
fit the antibody binding sites when screened, but it may have adopt another
conformation when linked to a carrier.

Thus, the antigenic behavior of the

peptides in the conjugates cannot be assumed to be the same as in that in
phagotopes. Therefore, it is not unexpected that the antibodies from mice
immunized with our peptide conjugates would not show specific reactivity to
gp120.
Future Directions

Short peptides do not generally fold into a well-defined three-dimensional
structure. However, constraints can be artificially imposed on the peptide in
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order to reduce the range of conformations available to it. The most common
constraint on displayed peptides is a disulfide bond between two cysteine
residues at fixed positions in the sequence. A library of constrained peptides will
represent fewer three-dimensional shapes than a library of unconstrained
peptides, but those that bind might do so more strongly, because they would not
have as large of a decrease in entropy upon binding and this could strengthen
binding compared to unconstrained peptide. To address this problem we have
started screening a constrained peptide library, which has 10 random residues
between two cysteines that a re I inked by a disulfide bond. P hages from the
constrained peptide phage displayed library were selected using Mabs F105,
5145A, and 1125H and sequenced. So far, there are some promising results.
Phage clones selected by mAb 5145A and 1125H have consensus sequences
and the phage compete with gp120 in binding for the original selecting mAb.
In order to present the peptide in the original conformation that was
selected when it was in the context of the phage scaffold, the phage pill protein
bearing the selected peptide at its N-terminal end can be expressed.

In this

experiment, the DNA from the selected phage coding for the N-terminal domain
(D1) including the flanking leader sequence is amplified by PCR, and cloned into
an expression vector. The proteins will be expressed in E.coli and analyzed to
determine whether the protein can bind the original selecting mAb. If so, the
entire pill domain with the peptide can be coupled to a carrier. If it still mimics
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the original epitope, it should be expected that it would elicit antibodies like the
original selecting mAb.
Additionally, the peptide bound to the original selecting mAb will be
crystallized and its 3-D structure analyzed by X-ray crystallography.

The

information from the 3-D structure can help to design peptide derivative
constrained in the proper conformations that mimic the actual true antigenic sites.
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