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A STUDY INTO THE PROTEIN/PROTEIN INTERACTIONS INVOLVED IN HIV-1
CAPSID ASSEMBLY
CHANEL CATHERINE DOUGLAS
MICROBIOLOGY GRADUATE PROGRAM
ABSTRACT
The aim of this work was to build an understanding of the protein/protein interactions
involved in HIV-1 capsid assembly as it relates to the condensation of capsid within the
virion. This was undertaken in an attempt to (i) understand how capsid subunits recognize
and interact with each other, (ii) gain insight into the protein-protein interactions involved
in the process, and (iii) determine if the protein-protein interactions involved in virus cap-
sid assembly can be used as a target for viral inhibition.

Within this dissertation you will find two approaches to this investigation. The
first examines the role of electrostatics in the in-vitro assembly of HIV-1 capsid through
the use of select amino acid mutations. The second searches for small molecules that
could inhibit or alter the protein/protein interactions involved in capsid assembly. This
was accomplished by screening for restriction of an in-vitro capsid assembly assay as the
initial consideration tool.

Of the 10,000 compounds screen 114 compounds were shown to strongly disrupt
capsid assembly in-vitro. Ninety-six of the strong inhibitors were screened in a series of

cell-culture based assays with fully infectious virus for the ability to inhibit virus infectiv-
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ity or viral production. In addition, the degree of toxicity of the compounds to the cells
was also monitored. The second selection tool yielded six potential compounds. At-
tempts to elucidate the mechanism of action of these six compounds are described. Three
of the six compounds are shown to primarily exert their anti-viral effect during the sec-

ond half of the viral life-cycle.
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Dedication

.....we also rejoice in our sufferings, because we know that suffering produces persever-
ance; perseverance, character; and character, hope. And hope does not disappoint
us.....Romans 5:3-4 NIV
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INTRODUCTION
Viral Capsid Assembly

Viruses are obligate intracellular parasites whose only purpose is to procreate
through replication of their genome. As such there are two essential elements that all vi-
ruses have, the viral genome (RNA or DNA) which encodes all of the viral components
and the virus capsid which acts to protect the genome during transport from one cell to
another. The assembly of virus particles is, even for the simplest of viruses, a complex
process. Viruses must be capable of discriminating against an infinite number of cellular
components in order to efficiently and correctly assemble fully infectious progeny.

Although the existence of viruses has been known since 1898, it took until 1955
for the process of virus self-assembly to be demonstrated (37). Since then virus capsid
assembly has been extensively studied but many unanswered questions still remain.
Amongst these are the following: (1) How do capsid subunits recognize and interact with
each other? (i1) What protein-protein interactions are involved in this process? (ii1) Can
the protein-protein interactions involved in virus capsid assembly be used as a target for
viral inhibition? Although it is beyond the scope of this dissertation to unequivocally
provide the answers for these questions, it is the intent of the author to shed some light on
these areas.

Many advances in understanding viruses have been made using those that infect
plants and bacteria because of the ability to obtain relative pure samples in high concen-
trations. As such, many significant discoveries pertaining to virus assembly have also
been made in these systems. In fact utilizing the very first isolated virus, tobacco mosaic

virus (TMYV), the process of self-assembly was discovered in 1955 by Fraenkel-Conrat



and Willams(37). They showed that infectious TMV particles could be reconstituted
from the mixing of purified RNA and purified coat protein. The relative simplicity of the
plant and bacterial systems has also allowed researchers to decipher many stages of virus
assembly through the genetic manipulation of both the host and virus.

The structural biology of viral capsid is another important facet in gaining insight
on the nature of virus capsid assembly. Through the ability to directly visualize a virus
particle important advances in understanding virus structure and thus virus capsid assem-
bly have been made. Based on what was observed from X-ray diffraction of crystals and
under the microscope (electron) Crick and Watson in their 1956 Nature paper proposed
that: "a small virus contains identical sub-units, packed together in a regular manner"(22).
They also proposed that spherical virus particles would have tetrahedral, octahedral, or
icosahedral symmetry. This meant that at most they could have 60 subunits. Expanding
on this, Caspar and Klug in their seminal Cold Spring Harbor Symposium paper of 1962
introduced the theory of quasi-equivalence. Quasi-equivalence described the way in
which large numbers (>60) of identical protein subunits could build closed virus capsids
during a self-assembly process. In the 1962 paper Casper and Klug actually coined the
term “self-assembly”. It is an idea that borrows concepts from the process of crystalliza-
tion and was described as;

“Self assembly is a process akin to crystallization and is governed by the laws of
statistical mechanics. The protein subunits and the nucleic acid chain spontaneously come
together to form a simple virus particle because (under appropriate solvent conditions)
this is their lowest energy state. It is in the transition from a state in which protein sub-
units and nucleic acid chains are randomly arranged in space to a state in which they are
highly ordered that virus assembly is like crystallization” (17)

Some aspects of quasi-equivalence describe how viruses self —assemble in that it

provides a rationale for the differentiation of identical protein subunits into different con-



formations that have essentially the same bonding specificity. It does this by introducing
the concept of sub-triangulation, in which there are still only 60 symmetrical units but
now each of those units may be composed of multiple identical or non-identical subunits.

Although quasi-equivalence provides us with a way to describe the final state of
an assembled capsid complex it does not provide us with a description of how these pro-
teins come together, what interactions keep them together or what drives identical pro-
teins to vary their conformation based on their position in the shell.

To gain a better insight into this we need to develop a dynamic system in which
both the proteins and their environment can be manipulated. By being able to vary these
conditions we can learn about how viruses assemble and study conditions in which this

can be inhibited.

Biochemical and Mutational Analysis
The study of viruses and the study of proteins have an overlapping history. As
such, the methods traditionally used to study proteins have also been employed to the
study of viruses. These have involved the use of mutations and biochemical manipula-
tions. In essence when we study the assembly of a virus capsid structure we are studying
the way in which a protein forms complex structures.

The study of protein folding was launched with the realization that proteins (in
particular, enzymes) lost there functionality when precipitated. It was proposed by
Chick and Martin in their 1910 paper that precipation was preceded by the process of
denaturation(19). In 1929, Hsien Wu hypothesized that denaturation was a form of pro-

tein folding in that it was a conformational change of the protein that resulted in the ex-



posure of amino acid side-chains to the solvent. He speculated that the loss of a particu-
lar conformation resulted in the loss of enzymatic activity (30). This insight into protein
folding was followed by extensive research into the physical interactions that stabilized
the folded protein structures. Wrinch and Langmuir, although advocating another theory,
discovered hydrophobic interactions (116) (the application to protein chemistry was later
expounded by Kauzmann (64)) while Pauling developed models for the secondary struc-
ture elements of proteins (85). These structures based on hydrogen bonding were the al-
pha helix and the beta sheet (91, 92) . In the1960's, Anfinsen put forth the "thermody-
namic hypothesis" of protein folding. In his Nobel Lecture on December 11,1972 he ar-
ticulates:

“This hypothesis-states that the three-dimensional structure of a native protein in its nor-
mal physiological milieu is the one in which the Gibbs free energy of the whole system is
lowest; that is, that the native conformation is determined by the totality of interatomic
interactions and hence by the amino acid sequence, in a given environment(4).”

Or in other words that the folded state represented the global minimum of free energy for
the protein.

The ionic nature of proteins was demonstrated by Bjerrum(6), Weber(133),
Tiselius(124, 125), and Linderstrom-Lang(77) who demonstrated that the charges were
generally accessible to solvent(60). These three characteristics (ionic interactions, hy-
drophobic and hydrogen bonds) represent major driving forces not only in the folding of
proteins but in protein/protein complex such as capsid assemblies.

Mechanisms to modify and manipulate these driving forces have dominated the
field of protein engineering. One technique that transformed the study of protein folding

is site-directed mutagenesis originated by Smith in 1978 (59). Using this technique we

can substitute any amino acid with one of the 20 naturally occurring amino acids and ana-



lyze the protein for the effect of the substitution. However, while much insight can be
gained from such a process, substitution of a few carefully chosen amino acids can pro-
vide a detailed picture of protein function and simplify data analysis. For example, substi-
tution of a null-charged residue such as glutamine for a negative charge residue such as
glutamic acid may reveal the effect of charge at a particular position. While substitution
of a positive charge residue such as lysine for the same residue may uncover a special
need for a negative charge or simply the need for any charge at the position. Another
technique utilized is alanine-scanning mutagenesis. By substituting an amino acid with
alanine contributions of individual amino acid side-chains to the stability, fold and func-
tionality of a protein can be examined(87). Substituting a residue with alanine removes
all side-chain atoms past the -carbon. This allows for the role of side-chain functional
groups at specific positions to be extrapolated from the alanine mutations. Even though
alanine is not the simplest amino acid, glycine, which is (R = H), lacks the presence of
carbons in its side-chain. This can introduce conformational flexibility into the protein
backbone. Alanine is the next smallest natural amino acid (R = CH3) which with the pres-
ence of carbon in the side-chain maintains preferred backbone conformation (backbone
dihedral angle) and allows the function of other side-chains to be elucidated (87). Amino
acid side-chains can be grouped into four categories; non-polar, uncharged polar, acidic
and basic side-chains. Carefully selected substitutions can reveal the role that each type

contributes to a position in the overall fold and conformation of the protein.



Assembly Pathways

In 1968 Levinthal pointed out that due to the very large number of degrees of
freedom in an unfolded protein, that a polypeptide chain would have an exorbitant num-
ber of possible conformations(73). Given the large number of conformations it would be
impossible for a protein to sample them all in an attempt to find its correct folded state in
a biologically relevant time frame. This thought experiment, called Levinthal’s Paradox,
lead protein chemist to hypothesize that a protein must reach its native state by a specific
folding pathway.

A number of mechanisms have emerged that attempt at providing explanations to
how these routes occur. Of note are; the ‘framework model” which proposes that local
elements of native local secondary structure are formed independent from the tertiary
structure. In this model the secondary elements would form first and then diffuse until
they collided with each other, formed an interaction, and coalesced to give the tertiary
structure(33, 101). The ‘hydrophobic-collapse model’ suggests that there are two distinct
phases involved in protein folding. The first involves a rapid collapsing of the polypep-
tide around its hydrophobic side-chains. In the second phase the side-chains repack more
efficiently as they searched a more limited conformational space in the “molten globule”
until finally arriving at the most stable native conformation. In this model, the secondary
structure would result as a consequence of native-like tertiary interactions (33). The clas-
sical ‘nucleation model’ or ‘nucleation-propagation model” proposes that a few of the ad-
joining residues of sequence would form native secondary structure. These structures
would act as a nucleus from which the native structure, in a stepwise manner, could be

formed. In this model the tertiary structure would form as a consequence of the secon-



dary structure(33). The ‘nucleation-condensation model’ hypothesizes that the process of
the formation of the nucleus and the formation of structure elsewhere are concerted. In
this model the formation of long range and other native hydrophobic interactions stabilize
otherwise weak secondary structure in the nucleus. Which in turn act to formalize terti-
ary structure(23). The ‘jigsaw puzzle model’ proposes the existence of multiple protein
folding pathways and is analogous to the assembly of a jigsaw puzzle. The analogy is
simple; when putting a jigsaw puzzle together there are a number of sequences in which
the pieces can be joined to each other that in the end result in the same finished product.
In this model, the identification of folding intermediates represents kinetic account rather
than a structural one. Each intermediate identified would, in turn, consist of a collection
of heterogeneous species in rapid equilibrium (54). In all likelihood the way in which
proteins fold is an amalgamation of all of these models (23).

Indeed, the currently accepted model is a unified model of protein folding based
on the effective energy surface of a polypeptide chain. This model referred to as the
“new view” describes the folding process in terms of an energy landscape and a folding
funnel(109, 143). The model describes the thermodynamic and kinetic behavior of the
conversion of the nascent polypeptide to a predominantly native state. Putting to rest the
debate of whether protein folding is thermodynamically or kinetically driven. It also pro-
vides an explanation for the presence of misfolded and aggregated proteins. This ‘new
view’ of protein folding involves the successive ordering of a collection of partially
folded structures that occur through multiple pathways. The schematic representation of
this model reflects that of a funnel in which the top of the funnel represents the free en-

ergy of the nascent polypeptide chain while the bottom of the funnel represents the native



structure. In terms of the conformational possibilities reflected upon by Levinthal; as a
protein travels toward the bottom of the folding funnel, the number of accessible protein
conformations decreases as does the chain entropy. This model reiterates the fact that
proteins fold according to a pathway. However it does not provide for an exclusive
pathway. There are many pathways present that lead to the same product and probably
just as many that lead to kinetic traps; that is misfolded or aggregated intermediates. Fur-
thermore, it validates the need for folding chaperones in biological organism.

Regardless of which model/s a monomeric protein uses to fold into its correct na-
tive structure there seems to be an apparent need for monomers to associate to form lar-
ger more complex structures. It is understandable for proteins to develop towards stabil-
ity and one way in which to do that is to become bigger. This can be rationalized as fol-
lows; we know that the stability of proteins depends largely on the multiplicity of weak
non-covalent bonds such as hydrophobic interactions that occur mainly in the interior of
the protein. If you think of a native protein structure as a sphere of radius R as you in-
crease the size of the sphere the volume (R?) grows more rapidly than its surface area
(R%)(93). The consequence of this is an increase in the number of stabilizing interactions
that occur inside the protein. There are two ways that a protein can increase in size. One
way is to increase the size of polypeptide chain. The other is to associate. For viruses it
is recognized that there is a very limited amount of space in which to encode pro-
teins(22). It is more efficient to encode smaller proteins that associate than to encode lar-
ger ones that don’t. This holds true not just for viruses but for biological systems in gen-

eral.



So far we know that proteins fold according to a progressively directed pathway
whose determinates are still questionable. In an analogous way protein complexes such as
viruses have been shown to assemble via a preordained pathway. However, while for the
folding of nascent polypeptide chains there exists an inexhaustible multitude of success-
ful pathways, the assembly of viruses is a more ordered process in which each steps pro-
vides the substrate for the subsequent phase. In the energy-landscape funnel, virus as-
sembly represents the bottom half and is more constricted and directed in its path. For
example, in the assembly of the T-even bacteriophages the tailspike cannot be added be-
fore the DNA is packaged.

There are three general categories for the final structures of viruses; helical, ico-
sahedral and complex. Although viruses may fall into only one of these three, the ways in
which a virus in each class gets there is very divergent. The necessity for an ordered
pathway has been extensively demonstrated with each class of virus(16, 32, 106). For the

purposes of this dissertation we will only be concerned with that of one virus, HIV-1.

Global Impact of HIV-1
While HIV-1 was not the first retroviruses to be discovered it is the one that is
currently having the largest global impact. To date around 65 million people have been
infected with HIV, with an estimated 38.6 million people worldwide currently living with
some form of HIV. Since recognizing acquired immunodeficiency syndrome (AIDS) as
a unique disease in 1981 an estimated 25 million have died from complications associ-
ated with the infection (56). Educational programs and antiviral therapy have assisted in

impeding the natural spread of HIV-1. With the advent of highly active antiretroviral



therapy (HAART) in 1993 the rate of deaths associated with HIV has declined sharply.
Currently HAART therapy targets the processes of reverse transcription, protease cleav-
age leading to maturation and viral entry. Despite the development of HAART, for those
already infected with HIV, the therapy only postpones death. Specifically, these drug
regimens are unsuccessful at eradication of the virus. While current circumstances ne-
gate eradication, for many, the lyrics to the popular song “Time is on my side” can be
seen as an anthem. Introduction of the current regimen has added invaluable years to
those infected. Nevertheless, there are complications associated to the administration of
the current form of HAART. These include short- and long-term toxicity drawbacks of
drug treatments and the emergence of drug resistant mutations in the virus which can then
be transmitted. With the emergence of drug resistant strains the requirement of new drug
development is imperative. In late 2004, a man in his late 40’s was diagnosed with multi-
drug-resistant (MDR), dual-tropic HIV-1. The man had no history of antiretroviral treat-
ment prior to diagnosis(81). At diagnosis he was discovered to be resistant to drugs in
three out of the four available classes. Although prior cases of MDR have been reported
this particular case alarmed health official (who issued an alert in Feb 2005) because of
the rapid progression to AIDS (4-20 months versus 10 years). This case heightens the

need to not only develop new drugs but new drugs against new targets.

Brief Overview of the HIV-1 Replication Cycle
The infection of a cell with HIV-1 begins with the attachment of the virus to the

cell. It is still unclear whether the primary route of infection it due to endocytosis fol-
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lowed by viral fusion or simply viral fusion (51, 89). However, it is clear that the virus
attachment to the cells is mediated by the interaction of the envelope glycoprotein gp120
with the CD4+ receptor and the use of either the CCR4 or CXCRS chemokine co-
receptors(39, 42). Fusion is catalyzed by the envelope glycoprotein gp41. Upon fusion
of the virus with the cell the viral core is released and in a poorly understood procedure
undergoes the process of uncoating in which the conical capsid is unassembled. This re-
sults in the release of the viral genome in complex with other enzymatic and regulatory
viral proteins. The RNA genome is reverse transcribed into linear two-stranded cDNA
within the cytoplasm and the incoming viral RNA is destroyed by RNAase H. A com-
plex termed the PIC (pre-integration complex) consisting of the cDNA, NC, RT, Vpr,
MA and IN and other host derived proteins is then transported to the nucleus where, util-
izing the integrase protein, the viral DNA is inserted into the cells’ genome. From here
the viral genome is replicated back into full length RNA or transcribed into mRNA. The
virally derived nucleic acids are transported out of the nucleus where they can either be
packaged into assembling viral particles or translated into viral proteins. The translated
proteins are transported to the plasma membrane through the interaction of the p6 domain
of Gag with the cellular factor TSG101(49, 127). TSG101 recruitment results in the traf-
ficking of the Gag polyproteins to multivesicular bodies which in turn lead to their inter-
actions with the class E protein through the endosomal trafficking network(115) and their
transportation to the plasma membrane. Within this timeframe viral assembly takes
place in which, in no well defined order, Gag and Gag-Pol molecules oligomerize, and
bind viral genomic RNA. In most cell lines, budding occurs through the plasma mem-

brane. While it is uncertain if budding and maturation occur concomitantly or sequen-
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tially, it is recognized that sometime during this period the virus undergoes a self-
cleavage event in which the viral poly-proteins are cleaved into the individual proteins

resulting in a fully infectious particle(12).

HIV-1 Maturation Results in a Metastable Particle

HIV-1 maturation is an event that is inadequately defined. With the exception of
the initial state and the resultant state, little is known of the conformational transitions
that take place as the particle converts from an immature to a mature particle.

Maturation commences when the virally encoded protease performs a self-
cleavage event, releasing itself from the Gag-pol polyprotein(12, 94). Afterwards, in a
preferred sequence, the protease liberates the other viral proteins(12, 97, 136). Disrup-
tion or rearrangement of this sequence results in poorly infectious particles(95, 96, 136).
This suggests that in a manner akin to protein folding, described previously, subsequent
conformational changes depend on those that occur beforehand. Grossly, maturation
leads to the liberation of the individual viral proteins. It also leads to the activation of the
virus since the cleavage of the envelope protein is required to facilitate viral fusion with a
new target cell(141).

With HIV-1 the mature particle is less stable than the immature particle. Evi-
dence supporting this comes from the fact that membrane stripping of the mature particle
leads to passive deterioration of a large percentage of the capsid complex while the same
process leads to minimal disruption of the spherical structure present in the immature par-

ticle(36, 67). The resultant metastability present in the mature particle after protease
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cleavage is one mechanism that retroviruses such as HIV-1 use to overcome the paradox
of having to assemble and uncoat in the same environment.

There are many intrinsic facets of the mature virus core that infer metastabiliy.

To begin with, upon maturation roughly half of the capsid protein is excluded from the
conical structure(9, 69). As argued, previously one way in which to form a stable protein
complex is for the protein to aggregate and grow in size, such that the interior of the
complex and thus stabilizing interactions increase faster than the surface. With HIV-1
maturation results in the reduction of the size of the capsid complex and the reduction of
stabilizing interactions present not only in capsid but in the other Gag-derived pro-
teins(12, 66).

Another feature is the inherent structure of the mature core. Continuum elasticity
theory asserts, that for large capsids, the energy exerted in the deformation of the individ-
ual proteins present in the complex is minimized when the twelve five-fold sites are lo-
cated as far as away from each other as possible (11, 122). However, as modeled by von
Schwedler et al., in order for HIV-1 to adopt its characteristic cone shape the twelve five-
fold sites have to be localized on either end of the structure(46).

Furthermore there are mutations that can be engineered into the N-terminal do-
main of HIV-1 that result in an increase or decrease in stability of the core(36). Either
extreme results in an impairment of virus replication suggesting that there is an optimal
range of stability required for effective infectivity(48, 131). Enhancing this point is the
presence of restriction factors whose primary mechanism of action is through targerting

the uncoating process of the capsid complex. Current evidence suggests that the factor
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TRIM 5a (previously known as Lv1 and Refl) acts by destabilizing the capsid core and
accelerating uncoating(18, 114).

In general, the process of maturation takes place as a coordinated event on a given
particle and is irreversible. Virus maturation most often represents the transition from one
local minimum of conformational free energy to another with the majority of the struc-
tural changes taking place in the capsid (non-enveloped and enveloped viruses) and sur-
face proteins (enveloped viruses). These conformational changes occur as the result of a
triggering event such as nucleic acid packaging (some bacteriophages) or proteolytic
processing (retroviruses, picornaviruses).

For the majority of non-enveloped icosahedral viruses the process of maturation
results in a more thermodynamically stable particle that is also resistant to nucleases.
However for HIV-1 and other retroviruses maturation leads to a capsid complex whose

optimum stability resides in a shallow kinetic trap.

Targeting Protein/Protein Interactions
With the evolution of restriction factors nature has devised an effective defensive
strategy in combating the zoonosis of retroviral infections. This strategy of targeting the
stability of capsid complexes can be re-created synthetically by modulating the means
used to generate stability either through disruption or modification of key interactions.
There are two general categories for protein complexes; permanent and tempo-
rary complexes. The characteristic of the interface present at the protein/protein junction

differs for each type. For permanent complexes the interfaces resemble that of the core
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of a monomeric protein. While for temporary complexes the interfaces are analogous to
surfaces found in enzyme active sites(1, 2).

As previously described, the central principle in creating stability in protein com-
plexes is the formation of protein/protein interactions. The main factors responsible for
protein-protein interactions are; steric complementarity, hydrophobic and electrostatic
interactions and hydrogen bonds(1, 2).

Steric complementartity involves the topology of the coalescing interfaces. In
general, the interfaces are large flat surfaces with very few cavities (10 % of interacting
surface). In permanent complexes the interfaces are strongly complementary while in
temporary complexes they are less so.

In permanent complexes the contribution of the hydrophobic interaction to the
stability is higher than in temporary complexes. Even so, for both types the hydrophobic
regions in the protein/protein interfaces tend to cluster in patches -- the size of which
ranges from 1-15 residues.

Two forms of hydrogen bonding take place in protein/protein interactions; those
which occur between pairing residues (both backbone and sidechain) and those between
amino acid residues and water. The amount of hydrogen bonds resulting from pairing
residues in protein/protein interfaces is proportional to the area of the subunit surface.
The average ratio is one bond per 100-200 A? or about ten bonds per interface. These
types of hydrogen bonds in protein/protein interactions tend to not be in there optimal
positions and therefore are limited in their contribution to stability. Water is frequently
present at the protein/protein interactions of protein complexes. The number of water

molecules can vary from 1-50 and can either surround the contacting interfaces or be
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buried in them. In the second case, they are located in the cavities of the protein/protein
interaction. The water molecules form hydrogen bonds with protein groups and other wa-
ter molecules, resulting in aqueous networks along the protein/protein interfaces. The
overall contribution of water in protein/protein interactions in protein complex is unde-
termined. However, water molecules theoretically can stabilize protein complexes by
forming additional hydrogen bonds, interacting with charges, and enhancing shape and
charge complementary.

As mentioned in the “Biochemical and Mutational Analysis” section of the intro-
duction, ionic interactions play an important role in protein folding. In a similar manner
the electrostatic makeup of the protein/protein interface has been demonstrated to confer
specificity and direct docking orientation (13, 108, 111). In addition, evidence exists
suggesting that the electrostatic composition may define the lifetime of proteins in com-
plex with one another(1, 110). The charge density in protein/protein interactions varies
from 0-12 charged groups per interaction surface(142). The current evidence suggest that
the net electrostatic charge at the interacting protein surfaces is the major determinate of
the electrostatic contribution in protein/protein interactions, versus that of charge com-
plementarity between distantly near residues in the interface(82).

Designing targeted molecular structures that can interfere or alter one or more of
these essential elements in the formation of protein complexes would be a beneficial
therapeutic strategy in combating viral and prion based diseases.

As such another important facet of protein interfaces is the morphology. Unfor-
tunately there is inconclusive evidence for the enrichment of amino acid residues or sec-

ondary structure in the sites of protein/protein interactions (1). However, there appear to
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be tendencies at these sites. As mentioned above, the interfaces tend to be large and flat.
These characteristics pose problems in designing inhibitory molecules. Short peptide se-
quences mimicking an interacting partner have been successfully used to block interac-
tions or trap complexes in intermediate conformations(14, 113). While these are valid
strategies in blocking protein/protein interactions, synthesis and storage of these polypep-
tides are expensive and not conducive to the wide spread treatment needed for HIV-1.
The development of small compounds is a more economically practical and challenging
endeavor. Since these interfaces are both flat and large there are very few cavities for a
small molecule to bury in and enhance binding. Another concern is the oral bioavailabil-
ity of compounds which decreases with increasing molecular weight. This poses a prob-
lem because upwards of 4900 A of interacting surface would have to be occluded by
compounds with molecular weights < 500 Da (2, 79).

Analysis of the morphology of protein/protein interfaces have shown that one-
third of protein complexes have interfaces with well-defined hydrophobic cores that are
surrounded by a ring of polar groups. The other two-thirds of protein interfaces have a
mixture of hydrophilic properties and short hydrophobic patches (1, 2). These mor-
phologies are an outcome of their need to be capable of co-existing either in polar solu-
tion or in the bound state in the complex, as such, there is a very delicate balance in the
composition of the amino acids in the interface of interacting proteins. This is exempli-
fied by the presence of “hotspots”. While there is no doubt that all the amino acids pre-
sent in protein/protein interfaces contribute in some manner to the development of protein
association, it has been shown that for some complexes only a few residues are involved

in the majority of stabilizing interactions (20).
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While the sporadic distribution of small areas of localized high affinity may not
be universal to all protein/protein interfaces. The existence of “hot spots” improves the
feasibility of blocking protein/protein interactions with small molecules. Now instead of
having to occlude large areas compounds targeted to these much smaller sub-regions in
the interface can be designed (or discovered).

Within the virus family the utilization of “hotspots™ has been demonstrated in the
icosahedral capsid structure of parvovirus(102). There are 28 residues involved in non-
covalent interactions between trimeric protein subunits in the parvovirus capsid, of which
7 are shown to be critical to assembly. Alteration of any one of these 7 residues is suffi-
cient to inhibit assembly. Within the HIV-1 system the existence of “hotspots” has also
been discovered in both the dimerization of reverse transcriptase and capsid (25, 105).
Additionally, small non-peptidic molecules that block or destabilize the dimerization of
HIV-1 protease, integrase and reverse transcriptase have been synthesized(5, 14). Fur-
thermore, the therapeutic benefit of blocking protein/protein interactions in HIV-1 has

been demonstrated with the entry inhibitor T-20 (Enfuvirtide) (41).

Targeting Protein/Protein Interactions in Viral Capsid Structures
There is growing evidence supporting protein/protein interfaces as viable targets
in the treatment of diseases (24, 29, 41, 80). However, the majority of proof as been ob-
tained in systems in which the active complex is dimeric. Targeting protein/protein inter-
actions present in complex structures such as viral capsids introduces a unique problem.
Typical icosahedral and complex viruses, as a minimum, consist of 60 subunits forming a

closed structure. Each subunit is involved in at least three distinct protein interfaces (17).
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Given this knowledge, one must wonder if compounds need to be directed to each of
these interfaces or if targeting one interface will suffice. If we narrow down the selection
to one interface there are still 60 or more interactions taking place within one complex --
Is it necessary to bind each of these or would interfering with the formation of only a
subset be enough to disrupt the function of the complex?

As mentioned previously, the assemblies of viral capsids follow a defined path-
way. Using icosahedral viruses it has been shown that compounds can be added during
the process of assembly that result in the formation of aberrant non-functional structures
(99, 123, 144). It has been proposed that this is due to the incorporation of only a small
number of molecules during the process of assembly. This amount is sufficient to alter
the intersubunit bonding geometry of a few interfaces resulting in directing the assembly
process “off-pathway” with the consequence being a non-functional capsid structure.
Therefore, it appears that incorporation of a few molecules can be sufficient to alter the
pathway of assembly. However, the assembly of HIV-1 is remarkably different from that
of most icosahedral viruses in that the capsid initially oligomerizes within the context of a
much bigger protein. Though there is no evidence to support that the interactions made
in this context are wholly retained, it is unlikely that all are broken(69, 70). Expressly,
that upon maturation (freeing of capsid from Gag) that capsid molecules totally disasso-
ciate and then re-oligermerize to form the conical core. It is more likely that the interac-
tions made in the context of the immature particle are the basis for those made in the ma-
ture particle. With this in mind; Is it feasible to target the process of HIV-1 assembly?
That is to say, can small molecules targeted to capsid be used to obliterate the process of

HIV-1 assembly? The likelihood of discovering such a compound is low due to the pres-

19



ence of compensatory interactions located outside of capsid in Gag. However, there is
one known capsid/capsid interface that takes place only in the context of the mature par-
ticle. Incorporation of small molecules that can alter or disrupt this interface during the
assembly of HIV-1 may direct the second half of capsids assembly “off-pathway” enough
to result in a non-functional core as demonstrated by Tang et al (117).

This dissertation can be broken down into two sections. In the first half you will
find a study analyzing a number of electrostatic residues located outside of the known
protein/protein interfaces and implications for their role in the process of virus capsid as-
sembly and uncoating. In the latter section you will find an article describing the screen-
ing of 10,000 small compounds for inhibition of CA assembly through the adaptation of
an in-vitro reaction to medium-throughput applications. The subsequent selection of six
of these compounds as antiviral leads is corroborated by direct effect on the virus’s abil-
ity to spread in cell culture.

Taken together these papers represent an analysis into the protein/protein interac-
tions involved in HIV-1 capsid assembly and an investigation into whether these interac-

tions can be altered or inhibited through the use of small molecular compounds.
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ABSTRACT

The human immunodeficiency virus type 1 (HIV-1) capsid protein (CA) plays a
crucial role in both assembly and maturation of the virion as well as viral infectivity.
Previous in-vivo experiments generated two N-terminal domain charge change mutants
(E45A and E128A/R132A) that showed an increase in stability of the viral core. This in-
crease in core stability resulted in decreased infectivity suggesting the need for a delicate bal-
ance of favorable and unfavorable interactions to both allow assembly and facilitate uncoat-
ing following infection. Purified CA protein can be triggered to assemble into tube like
structures through the use of a high salt buffer system. The requirement for high salt sug-
gests the need to overcome charge/charge repulsion between subunits. The mutations men-
tioned above lie within a highly charged region of the N-terminal domain of CA away from
any of the proposed protein/protein interaction sites. We constructed a number of charge mu-
tants in this region (E45A, E45K, E128A, R132A, E128A/R132A, K131A, K131E) and
evaluated their effect on protein stability in addition to their effect on the rate of CA assem-
bly. We find that the mutations alter the rate of assembly of CA without significantly chang-
ing the stability of the CA monomer. The changes in rate for the mutants studied are found

to be due to varying degrees of electrostatic repulsion between the subunits of each mutant.

22



INTRODUCTION

Retroviruses such as human immunodeficiency virus type 1 assemble through the
polymerization of the Gag and Gag-Pol polyproteins. The Gag protein of HIV-1 is a 55
kDa protein that consists of the structural domains matrix (MA), capsid (CA), p2, nucleo-
capsid (NC), p1 and p6 (in that order)(38, 58, 84, 88, 126). A -1 ribosomal frame shift
results in the Gag-Pol polyprotein which adds the enzymatic proteins which include pro-
tease (PR), reverse transcriptase (RT) and integrase (IN)(38, 58, 61). The Gag and Gag-
Pol polyproteins together with the Env gene comprise all of the structural and enzymatic
proteins needed for viral infectivity. The polyproteins assemble under the plasma mem-
brane and upon budding are found, in the immature virion, radially arranged with the N
myristoylated terminus of the matrix domain proximal to the viral envelope(40, 138).
During maturation the Gag and Gag-Pol polyproteins are cleaved releasing the structural
proteins (MA, CA, and NC) which are then free to form new intersubunit interactions(38,
58). In fact, cleavage results in a profound morphological change in which the capsid
and nucleocapsid proteins collapse to form a conical core(38, 58). Formation of the ma-
ture viral core is a critical step in the virus life cycle; mutations that block maturation or
result in the formation of cores with aberrant morphology inhibit infectivity, in some
cases, apparently by blocking the initiation of reverse transcription(27, 34, 103, 104,
120, 129, 132). Stability of the cores is also a factor in infectivity(35). Cores that are too
stable may resist the process of uncoating and prevent release of the viral genome. Re-
cent real-time observation of virus movement intra-cellularly showed the migration of
intact cores along microtubules towards the nuclear envelope(83). If uncoating can not

take place before the core reaches the nuclear envelope the complex may be perceived by
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the cell as being an aggregate of misfolded protein and the core may be re-routed, ulti-
mately to a lysosome(112).

A number of studies have demonstrated the ability of the capsid protein to polym-
erize into dimers, larger oligomers and eventually tubular polymers(15, 31, 52, 129). The
presence of small amounts of cones similar in shape and size to viral cores has been de-
scribed in some of these preparations(45, 75). This indicates that in vitro assembled cap-
sid polymers are capable of forming bonding interactions similar to those found in the
virion. The in vitro assembly protocols for CA induce polymerization by utilizing high
salt concentrations suggesting the need to overcome charge/charge repulsion between
subunits(15, 31, 52, 129).

High resolution structures of CA obtained by X-ray and NMR demonstrate that it
is composed of structurally distinct N- and C- terminal domains(43, 44, 50, 119, 139).
Merging the crystal structure into cryoEM based reconstructions of in vitro tubes sug-
gested the N-terminal domain forms hexamers stabilized by NTD homotypic interactions,
and the hexamers are tied together by CTD dimerization(75). While obtaining high reso-
lution structural information about the interactions driving capsid assembly has proven
difficult, this model is well supported by mutational and mass spectroscopic data both of
which also provide evidence for an additional intersubunit NTD:CTD interaction(47, 68,
130).

It is known that the C-terminal domain dimer is stable in both low and high
salt(44). This suggests that it is either the homotypic N-terminal domain interactions or
the heterotypic N/C domain interactions that are salt sensitive. Additionally, mutagenesis

studies have uncovered residues away from these sites of interaction that enhance the sta-
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bility of the viral core and cause the virion to be less infectious(35). Two of these muta-
tions are found in the N terminal domain at positions E45 and E128/R132 and are located
in helix 2 and helix 7 respectively. These mutations replaced charged residues with the
neutral amino acid alanine once again suggesting a role for charge/charge repulsion be-
tween subunits not only during assembly but during uncoating as well. To determine if
the altered capsid stability was due to electrostatic or conformational effects we generated
a family of charge change mutants within this region (Fig 1) and evaluated their ability to

stably fold and assemble.

MATERIALS AND METHODS
Protein Expression and Purification

A pET based plasmid for expression of wild type (WISP93-73) was obtained from
W. Sundquist and transformed into Escherichia coli BL21(DE3). Plasmids for expres-
sion of the mutant HIV-CA were obtained by PCR mutagenesis of the wild type plasmid
and verified by DNA sequencing. Wild type (WT) and mutant capsid proteins were ex-
pressed and purified as previously described except where noted below. The pH of the
resuspension buffer for the mutants was increased from 8.0 to 8.5. The minimum per-
centage of ammonium sulfate used for efficient precipitation varied for each mutant rang-
ing from 20 to 35%. The mutants were eluted from the Q-Sepharose (Amersham Biosci-
ences) column at NaCl concentrations ranging from 70 mM to 90 mM. Most of the
KI131E protein was found to be irreversibly aggregated after the ammonium sulfate pre-
cipitation step and therefore this step was eliminated from the purification protocol. In-

stead the supernatant from the high speed spin was applied both to an SP and Q-
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Sepharose column run in series. CA passed through the SP column, which retained other
cellular proteins, and bound to the Q column. The protein was then eluted from the Q-
column independently. The eluted proteins were then dialyzed into 50mm Na Phosphate
Buffer pH 8.0. The mass of the each mutant protein as determined by ESI-TOF mass
spectrometry was within 2 Da of the expected value. Purified protein solutions were

stored frozen at -80 °C at ~ 300-500 uM in 50 mM Na,PO, buffer pH 8.0 until needed.

In Vitro Capsid Assembly

Purified wild type and mutant capsid protein were assembled by rapid dilution
into concentrated NaCl solutions at 20 °C to yield the desired final salt and protein con-
centration and the course of the reaction was monitored by turbidity. For kinetic analysis,
the reaction was rapidly mixed and placed into a Imm quartz cuvette. Unless otherwise
noted, approximately 20 s elapsed between the time of the addition of salt and the first
time point measured. The increase in optical density was monitored at 350 nm for one
hour as previously described (71), except where noted. The initial rate of assembly was

approximated by fitting the early time points to a linear equation

Determination of the Critical Concentration
To determine the fraction of unpolymerized protein present at equilibrium, as-
sembly reactions were performed over a range of starting concentrations (20, 30, 40, 50,
60, 70 uM for WT, E128A, R132A, E128A/R132A; 10 1, 5, 20, 30, 40, 50 uM for E45A,
and 30,40, 50, 60, 70, 80 uM for K131A) and allowed to proceed to completion (1 hr).

The assembled polymers were collected by centrifugation at 14,000 rpm for 20 mins in a
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microfuge. The supernatant was removed and the pellets were resuspended in 400 uL of
50 mM Na,PO4pH 8.0 with 3M GuHCI included to dissociate the tubes and reduce scat-
tering. The concentration of protein in supernatant or pellet was determined spectroscopi-
cally at 280nm using an extinction coefficient of 33,460 M™'. The amount of protein pre-
sent in the supernatant fraction was used to determine the amount of unpolymerized pro-

tein in each sample.

Circular Dichroism

CD spectra of WT CA and all mutants were recorded on an AVIV model 620S at
20° C in 50 mM Na,HPO, pH 8.0 at concentrations ranging from 0.33-0.5 mg/ml. Read-
ings were collected at 1 nm intervals from 195 nm to 260 nm with a 15 second averaging
time. Actual concentrations were determined by collecting UV spectra at 280 nm of the
sample measured and the CD spectra normalized according to the following equation:
[0]=(0*100*M,)/(c*1*N4) The recorded spectra in millidegrees of ellipticity (theta) were
converted to mean residue ellipticity [ theta] in deg.cm®.dmol ' by the equation, where c
is the protein concentration in mg/ml, 1 is the pathlength in cm, M, is the protein molecu-
lar weight and Ny is the number of amino acids in the protein. Thermal melting curves
were determined for all samples at a concentration of 1 uM in the same buffer using 1 cm
path length cells. The temperature was increased in steps of 1.0 deg C with a 12 second
equilibration time over a nominal range of 25 — 90 deg. C. The actual temperature was
recorded and the observed range was typically ~22 — 83 °C. Molar ellipticity readings
were recorded at 218 nm using a 5 second averaging time and a band width of 2.0 nm.

The melting point for each mutant was determined by calculating the first derivative of
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the melting curve (ellipticity vs. temperature) to determine the inflection point of the

transition.

Sedimentation Equilibrium

Sedimentation equilibrium experiments on wild type and mutant CA protein were
performed at protein concentrations of 5.6 uM, 9.8 uM, and 15.8 uM in 50mM
sodium phosphate (pH 8.0) at 20 °C. Data were obtained using a Beckman Optima XL-A
analytical ultracentrifuge at rotor speeds of 15,000 rpm, 20,000 rpm and 25,000 rpm us-
ing an An-60 Ti rotor equipped with Epon charcoal-filled 12mm 6 channel centerpieces
in cells with quartz windows. The absorbance was monitored at 280 nm and ten scans
were averaged. The partial specific volume were determined using the public domain

software program SEDNTERP (http://www.rasmb.bbri.org/) developed by Hayes, Laue,

and Philo(72). Solution densities were obtained from standard tables. The equilibrium
data from all nine experiments were fit globally to different models to determine the

stoichiometry and association constant that best fit the data(63).

RESULTS
Change in Charge State has Effect on Rate of Assembly
Previous in vivo studies have demonstrated that the N-terminal domain mutations
E45A and E128 A/R132A result in an increase in the stability of the viral core and a de-
crease in viral infectivity. Should the increased stability result from decreased intersub-
unit repulsion, the assembly reaction might take place faster because the decreased repul-

sion could facilitate the close approach of the subunits required for docking. Therefore,
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to determine if the increase in stability of these two mutants correlated with an increase in
the rate of assembly, the assembly kinetics of purified capsid protein mutants were fol-
lowed turbidimetrically (Fig. 2) at 50 uM protein concentration. The initial rate of as-
sembly was then estimated from the slope of the linear part of the curve (typically < 10
min). The E45A mutant, which in the in vivo studies is 29 fold less infectious(35, 130),
assembled 33 times faster than wild type whereas E45K, a charge reversal mutant assem-
bled slower (40% of WT) suggesting the presence of charged residues in this location af-
fects association. The double mutant E128 A/R132A displayed kinetic properties similar
to wild type although in vivo it was 6.2 fold less infectious(35, 130). To determine the
relative contributions of EI28A and R132A to the assembly kinetics each mutation was
examined individually. The E128 A mutant assembled approximately twice as fast as
wild type while R132A assembled at approximately half the rate of wild type.

The three mutations (E45A, R128A, and E132A) studied previously lie within a
12A (most within 7 A) radius of each other in the NMR structure of CA (Fig., 1), a dis-
tance compatible with the formation of long range ion pairs. One other charged residue,
K131 lies in the middle of this cluster. To evaluate the role of K131 in assembly this resi-
due was mutated to the opposing and neutral charges and the effect studied. Both K131E
(data not shown) and K131A assembled slower (10-20 fold less) than wild type. These
results suggest the need for charge balance in this region, a suggestion supported by the
fact that sequence comparison between HIV-1 strains shows conservation of the charges
at all positions in this cluster. The only exception to this is E128 which had 2 non-
conservative changes out of the 380 clones/strains available in the Los Alamos HIV-

1/SIVcpz database.
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To determine whether the turbidity was proportional to the amount of polymer-
ized CA, assembly reactions were initiated at different initial CA concentrations and al-
lowed to go to completion. The polymerized CA was separated from the unpolymerized
subunits by centrifugation and the maximum turbidity observed for each initial concen-
tration was plotted against the amount of polymerized CA found in the pellet fraction af-
ter centrifugation (Fig 3). For all the mutants the observed turbidity was directly propor-
tional to the amount of protein polymerized. In the case of the E45A and K131A the ab-
solute amount of turbidity per unit CA was different from the wild type and the other mu-
tants suggesting the structures of the final products might be different. The E45A mutant
formed substantially shorter tubes than wild type as determine by thin section electron
microscopy (data not shown). The thin section electron microscopy of the mutants with
the exception of K131A and K131E were examined and found to all form tubes (data not
shown).

If the mutants alter the rate of subunit addition through charge/charge repulsion,
the assembly pathway should remain unchanged. A way to measure this would be to
look at the dependence of the rate of assembly on protein concentration which provides
an indication of the number of molecules involved in the rate determining step. There-
fore, assembly reactions were performed with each mutant over a range of concentrations
and the log of the rate of the reaction was plotted versus the log of the initial protein con-
centrations to derive the order of the reaction (Fig 4). The slopes of the mutants are
nearly parallel to that of wild type suggesting that for all of the mutants the change in the
rate of assembly can be attributed to a change in the rate of subunit association as op-

posed to a change in the pathway of assembly.
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The Change in Rate is Not Due to Altered Folding or Stability

It is possible that the increases or decreases in the rate of assembly are due to
changes in the conformation or stability of the protein subunit. Therefore, to determine if
the mutations were causing changes in the structure of the capsid protein the CD spectra
of each mutant was obtained at low protein concentration where the majority of the cap-
sid protein is monomeric (Fig. 5A) . The CD spectra of the mutants were identical,
within experimental error, to that of the wild type suggesting very little (if any) perturba-
tion of the secondary structure. To measure the stability of the capsid monomer the
thermal stability of each protein was monitored by melting the protein and recording the
molar ellipticity at 218 nm (Table 1). The melting point was determined by taking the
first derivative of the melting curve (Fig 5B). With the exception of K131E the mutants
have the same or only slightly lower thermal melting transitions suggesting that the muta-
tions have minimal effects on the stability of the monomer. In the case of K131E, the
lowered Ty, reveals a second thermal transition. Detailed calorimetric studies of the melt-
ing of wild type CA demonstrated independent melting of the N and C terminal domains
(Protesevich et al, manuscript in preparation). The C-terminal domain melts at a slightly
higher temperature than the N-terminal domain. The K131E mutation destabilized the N-

terminal domain revealing the underlying C-terminal domain melting transition.

The Change in Rate is Not Due to Altered Dimerization
The ability of the C-terminal domain of CA to dimerize is critical for capsid as-
sembly. C-terminal domain mutants, such as W184A/M185A, which cannot dimerize

cannot assemble(71). To ensure that the N-terminal domain charge change mutations did
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not affect dimerization the K4 of each mutant was determined using sedimentation equi-
librium at three protein concentrations, 5.6 uM, 9.8 uM, and 15.8 uM and for three rotor
speeds, 15K, 20K and 25K RPM at 20 °C as previously done for wild type. The K4 of all
the mutants (Table 1) were within experimental error indicating similar dimerization

abilities.

The Magnitude of the Rate Differences Depend on the Salt Concentration

Should the effect of the mutations on assembly rate be strictly electrostatic, the
effect of salt on the rate of assembly will vary for each mutant in proportion to the degree
of shielding required for effective assembly. At infinite salt concentration the rates of all
the mutants should converge as charge shielding completely masks the charge/charge re-
pulsion(108). To test this the dependence of the rate on salt concentration was deter-
mined. The mutant capsid proteins were assembled at 50 uM at various salt concentra-
tions ranging from 1 to 3M depending on the mutant. The rate was then determined and
the log plotted against the log of the initial salt concentration. From Fig. 6 it can be seen
that slopes of the resulting linear fits differ amongst the mutants suggesting that the de-
pendence of the rate of assembly on the salt concentration (i.e. the charge screening ca-
pability) is different for each mutant studied. The rates of assembly for the mutants con-
verge at high salt concentrations, as expected. However, one mutant, K131A, appears to
have the same dependence on salt concentration as wild type as the slope runs parallel to
wild type which suggests the change in rate may not be solely due to electrostatic effects
for this mutant. The extent of polymerization as monitored by the final amount of turbid-

ity was found to be salt independent at as previously demonstrated (data not shown).
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The Energetics of Assembly Depend on the Charge.

In performing the experiment to determine the correspondence between turbidity and the
amount of protein polymerized we noticed that the amount of protein in the supernatant
was relatively constant. This represents the critical concentration of the reaction. The
critical concentration for polymerization reflects the equilibrium between subunit addi-
tion and dissociation and thus serves as an indication of the energetics of intersubunit in-
teractions (3, 53, 90, 100).

To determine if the mutations altered the critical concentration, we measured the
amount of unpolymerized protein for each mutant across a range of concentrations (Fig
7). The data demonstrate that the mutants do alter the critical concentration and the al-
terations correspond to their observed effects on assembly; mutants with lower critical
concentration show faster assembly. The alternative model, in which the mutations cause
a slight folding defect resulting in a fraction of unassociable protein would result in a
constant percentage of unpolymerized protein, rather than a constant concentration. This

was not observed.

DISCUSSION
We have previously reported the development of a rapid dilution-induced tech-
nique for CA assembly(71). This technique has proven to be useful for the evaluation of
the effects of solvent conditions, protein concentration, and mutations on CA assembly.
Here we extend the use of this technique to analyze the effect of N-terminal domain

charge change mutations on CA assembly. The mutations E45A and E128A/R132A have
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been previously reported to result in an increase in core stability(35). Thermodynami-
cally, an increase in stability of a complex is due to an increase in the favorability of the
interactions in the complex. Such an increase could lead to an enhancement in the rate of
formation of the complex. In the case of E45A we see a corresponding increase in the
rate of assembly. For E128A/R132A the observed increase in stability does not result in
a corresponding increase in the overall rate of assembly. This seems to arise from a bal-
ancing of two opposite effects as can be seen from the analysis of the mutations individu-
ally. The E128 A mutation results in faster assembly kinetics while the R132A mutation
results in slower assembly kinetics. For the mutants studied there is a correlation be-
tween the critical concentration and the kinetics of assembly. The exception to this is the
E128A/R132A mutant which assembles at a rate similar to wild type but has a higher
critical concentration. This concentration is in fact similar to one of its single mutants
R132A. The other three mutants studied, E45K K131A and K131E had slower assembly
kinetics. K131E was difficult to purify and study, limiting the data obtained, as this
charge change destabilized the protein. For E45K and K131A the decrease in assembly
kinetics might be due to increased electrostatic repulsion between the subunits as sug-
gested by the critical concentration. Another possibility for the higher critical concentra-
tion for these mutants may be difficulty in a nucleation-like step. We have observed that
the assembly of K131A is greatly enhanced by the addition of E45A which may serve to
nucleate the assembly reaction (data not shown).

There are three protein-protein interactions within CA that are required to stabi-
lize the core. These are the C-terminal domain dimerization mediated by hydrophobic

packing of CA helix IX(44, 139), the N-terminal domain homotypic interactions medi-
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ated by helices I and II(75), and an N to C domain intersubunit interaction mediated by
the loop between helices III and IV and the base of helix IV in the NTD and helices VIII
and IX in the CTD(68). As expected, in general mutations at residues within these inter-
faces prevent capsid assembly. The mutants presented here do not lie within any of these
regions but rather within the core of the N domain. However, they affect the kinetics and
stability of at least two of these interactions without significantly changing the conforma-
tion or stability of the monomeric protein subunit itself. These charged residues are
highly conserved in both HIV-1 and SIVcpz. This suggests that the HIV-1 CA may have
evolved to be a protein primed for dissociation. In fact, the association constants for each
of these interactions is relatively weak. Despite the importance of the homotypic N-
terminal domain interactions in the structure of the core, they are unable to form inde-
pendently of the other stabilizing CA interactions. N-domain carrying the mutation
(E45A) which forms a more stable core was also unable to oligomerize in solution inde-
pendently of the C-terminal domain (data not shown). The C-terminal domain dimer is
relatively weak with a K4 of 18 uM(44). Interestingly, point mutation in the C-terminal
domain such as Ser-178, Glu-180, Glu-187, and GIn-192 lead to more stable dimers(25).
This suggests that the overall stability of the CA domain of HIV-1 is balanced to allow
both assembly and disassembly.

An emerging theme is that charge/charge repulsion plays a significant role in
HIV-1 assembly and disassembly. Scanning alanine mutagenesis of CA uncovered many
charged residues that when neutralized had normal particle production but reduced infec-
tivity(130). Additionally, replacing neutral residues with charged residues resulted in

reduced particle production and no infectivity(129). In the context of the virion, assembly
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of the capsid protein takes place in two stages. The first involves the association of the
Gag polyprotein to form an immature virion while the second involves cleavage of the
Gag protein to its constituent structural domains and the condensation of the capsid pro-
tein to form the central conical core(10, 38, 58, 84, 88, 126). Assembly of the virion re-
quires a loss of entropy which must be compensated by favorable interactions. There are
multiple sites of interaction dispersed throughout the Gag polyprotein which can help
promote capsid assembly. The N-terminal matrix (MA) domain is myristylated(21, 118).
The myristyl group inserts into the cell membrane increasing the effective concentration
of the Gag polyprotein and reduces assembly to a two dimension diffusion problem. The
MA domain itself is capable of forming trimeric interactions(55, 86, 118). The NC do-
main binds the viral RNA tightly through the action of charge clusters and zinc fin-
gers(21). Multiple Gag proteins bind a single RNA molecule, once again providing a
mechanism for increasing the concentration and decreasing the entropic penalty of as-
sembly. Mutations in NC which interfere with RNA binding have a deleterious effect on
virus assembly. Collectively, these interactions, all of which occur in a single polypep-
tide chain, are sufficient to overcome both the entropic loss as well as the charge/charge
repulsion evident in the CA N-terminal domain.

Having assembled capsid as part of the Gag polyprotein proteolytic cleavage dur-
ing maturation then liberates CA which collapses to form a conical core(38, 58, 126).
Core formation is likely promoted by the high concentration of CA present in the virion
which has been estimated to be in the mM range(10). Fusion of the virion with the host
cell results in the membrane being stripped away and the naked core entering the cyto-

plasm. At this point, the concentration of CA drops significantly and uncoating could be
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facilitated by electrostatic repulsion between the subunits. Core stability has been shown
to play an important role in infectivity but the precise sequence and timing of initiation of
reverse transcription, core dissociation, and nuclear transport of the pre-integration com-

plex remains a mystery.
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Table 1.

At | Mo, | Spond | vt
Wild Type 54 - 16
E45A 52 - 25
E45K 52 64 12
E128A 54 - 18
R132A 53 - 18
E128A/R132A 54 - 31
K131A 53 - 27
K131E 45 62 25

*The melting point was determined by taking the first derivative of the molar ellipticity
melting curve recorded at 218 nm (Fig 5B).

® The dissociation constant (Kq) of each protein was determined using the sedimentation
equilibrium of the mutants at protein concentrations of 5.6 uM, 9.8 uM, and 15.8 uM and
for three speeds, 15K, 20K and 25K RPM at 20 °C. The absorbance spectra were re-

corded at 280 nm and the data analyzed using Origin 4.1/Beckman analysis program.
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FIGURE LEGENDS

Figure 1. The structure of the highly charged region in the N-terminal domain of HIV-1
CA Protein. Close-up view of the N-terminal domain structure as determined by NMR
(PDB # 1GWP) showing the amino acids mutated in this study. The distances between
amino acids are also indicated. This figure was drawn with DeepView 3.7. E45-Red,

E128-blue, K131-cyan, R132-green.

Figure 2. Assembly of wild type and mutant CA proteins at 50 uM as followed by turbid-
ity. CA protein was assembled at 50 uM at final NaCl concentration of 2.25 M. WT (¢),

E45A (D), E45K (A), E128A (0), R132A (m), E128A/R132A (0), K131A (). Every

other data point is shown for clarity.

Figure 3. The dependence of the turbidity on the concentration of polymerized capsid.
Final turbidity versus the concentration of polymerized protein after one hour of assem-
bly at 2.25 M salt and varying initial protein concentrations. The polymerized protein was
pelleted and the concentration in the pellet determined by resuspension in 3M GuHCI fol-

lowed by absorbance spectroscopy. Symbols: WT (¢), E45A (0), E45K (A), E128A (0),

R132A (m), E128A/R132A (0), K131A (e).

Figure 4. The dependence of the assembly rate on the protein concentration. CA protein
was assembled at various protein concentrations at 2.25 M NaCl. The log of the rate are

plotted versus the log of the protein concentration and the resulting curves are fit to a
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least- squares linear equation. Error bars represent the standard deviation of the meas-
urements. The slope of the curves are similar to wild type for each mutant studied sug-
gesting that the rate limiting step is made up of the same number of subunits for each mu-

tant. Symbols: WT (#), E45A (o), E45K (A), E128A (0), R132A (m), EI28A/R132A

(0), K131A (e).

Figure 5. Circular dichroism spectra for wild-type and mutants and representative trace of
thermal melting. (A) CD spectra of WT capsid and all mutants were recorded at 25° C in
50 mM Na,HPO, pH 8.0 at protein concentrations ranging from 0.33-0.5 mg/ml. The
raw spectra were corrected for the concentration differences and background contributed
by buffer and normalized using the equation found in the materials and method section.
The CD spectra are similar and showed no clear differences in secondary structure under
these conditions. (B) Shows the CD signal at 218 nm as the temperature is raised for wild
type capsid protein. The melting point was determined by taking the first derivative of

the melting curve. The transition temperature for each mutant is found in Table 1.

Figure 6. The dependence of the assembly rate on the salt concentration. CA protein was
assembled at 50 uM at various NaCl concentrations. The log of the rate was plotted ver-
sus the log f'. where f'. is the electrostatic component of the mean rational activity coef-
ficient of the ions(108). The resulting data points where fit to a least-squares linear equa-

tion. At high ionic strength the lines converge as charge/charge shielding becomes com-
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plete. Symbols: WT (#), E45A (o), E45K (A), E128A (0), R132A (m), EI28A/R132A

(0), K131A (e).

Figure 7. The critical concentration for the mutants at 2.25 M NaCl. CA was induced to
assemble at concentrations ranging from 10-80 uM at 2.25M NaCl and allowed to as-
semble for 1 hr. The polymerized and unpolymerized material were separated by cen-
trifugation and the concentrations of both were determined at 280 nm with an extinction
coefficient of 33460 M™'. The values shown in the bar graph depict the concentration of
unassembled protein found in the supernatant fraction. The average of 6 — 10 concentra-
tions/samples were used to obtained the values shown. The average sample lost was 13

%.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6
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Figure 7.
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ABSTRACT

Here we describe the adaptation of a turbidity-based assay for the in-vitro assembly of
HIV-1 capsid for medium through-put screening of drug-like compounds. Using this as-
say we screened 10,000 diverse compounds and selected 116 compounds for the ability to
reduce the turbidity associated with capsid assembly. The selected compounds were then
screened in a series of cell culture assays which resulted in six compounds showing fa-
vorable antiviral effects when compared to their cytotoxicity. Three of these six com-
pounds are shown to primarily exert their antiviral activity after the integration stage in

the viral replication cycle.
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INTRODUCTION

The current therapeutic regimen for the treatment of human immunodeficiency
virus type-1 (HIV-1) infection involves the combined use of potent inhibitors of the re-
verse transcriptase (RT) and protease (PR) viral enzymes(98). These drugs, while highly
effective, often give rise to HIV-1 strains that are not only resistant to the drug used but
may also be resistant to other drugs in the same class. The development of drugs effective
against new targets will expand treatment options. The most recently approved class of
antivirals target virus:host fusion and is typified by the drug FUZEON, a peptide inhibitor
of the protein/protein interactions driving the structural rearrangement in HIV-1 gp41 re-
quired for viral entry (26, 65, 137). Additionally, an antiviral compound shown to act by
targeting the last step in viral maturation known as 3-O-{3',3'-dimethylsuccinyl}-
betulinic acid (DSB), (also known as PA-457, YK-FH312, or Bevirimat) (74), has shown
promising results in clinical trails(62, 135). Together, these suggest that targeting pro-
tein/protein interactions and the processes of assembly and maturation represent viable
targets.

The assembly of HIV-1 occurs through the polymerization of the Gag and Gag-
Pol polyproteins (128). The Gag polyprotein is a 55 KDa protein that consists of the
structural domains matrix (MA), capsid (CA), p2, nucleocapsid (NC), p1 and p6 (in that
order)(38, 58, 84, 88, 126). A -1 ribosomal frame shift results in synthesis of the Gag-Pol
polyprotein which includes the enzymes PR, RT, and integrase (IN) in addition to the
aforementioned Gag proteins (38, 58, 61). These proteins, along with the envelope (Env)
glycoprotein and several regulatory and accessory factors, comprise all of the structural

and enzymatic proteins needed for viral infectivity. HIV-1 assembly is a multi-step proc-
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ess in which the Gag and Gag-Pol polyproteins assemble at and bud through the plasma
membrane as an immature virion. In the immature virion these polyproteins are arranged
radially with the myristoylated MA domain embedded in the viral membrane and the
NC/p6 domain in the center (138). Budding activates PR, which cleaves the Gag polypro-
tein into the individual matrix (MA), capsid (CA), and nucleocapsid (NC) proteins. Upon
cleavage, the individual structural proteins undergo a profound morphological rear-
rangement in which the CA protein collapses to form a conical core which contains the
viral RNA in complex with NC, RT, and IN. This structural rearrangement arises from
the disruption of existing interdomain interactions and the formation of new ones, par-
ticularly with regard to CA (68). In a number of studies, point mutations were introduced
into CA. Some of these mutations resulted in the perturbation of core formation. In addi-
tion, these viruses had limited or no replication capability, suggesting that proper core
formation is required for effective particle infectivity (47, 107, 120, 121, 130). Many of
these mutations were located in regions that become protected in CA after assembly, in-
dicating that they existed in regions involved in protein/protein interactions. Thus, small
molecule compounds which block the intersubunit interactions involved in either Gag
assembly or virion capsid maturation might be expected to have antiviral activity.
Currently, structure-based drug design targeted to CA in the virion is impractical
due to the pleiomorphic nature of both the immature and mature HIV-1 virion. This non-
uniformity precludes obtaining high-resolution structural information using traditional
approaches such as X-ray crystallography or electron microscopy/image reconstruction.
Despite this limitation, small molecules that prevent the assembly of the immature or ma-

ture CA lattice may still be discovered by using in-vitro systems that mimic these bio-
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logical processes. In this paper, we describe the adaptation of such an assay capable of
mimicking the protein/protein interactions driving virus assembly and CA maturation to
medium through-put applications.

A number of studies have demonstrated the ability of recombinant, purified CA
protein to polymerize into dimers, larger oligomers and eventually tubular polymers(31,
45, 52,75). The presence of a small number of cones similar in shape and size to viral
cores has been described in some of these preparations (45). Additionally, there are simi-
larities between the hydrogen/deuterium exchange and electron diffraction profiles of
bona fide viral particles to these in-vitro assemblies suggesting that the in-vitro assem-
bled CA polymers form bonding interactions similar to those found in the virion.

We have previously described an in-vitro procedure in which the assembly kinet-
ics of purified recombinant CA can be monitored by the time-dependent increase in tur-
bidity(71). Here we describe the adaptation of this assay to a ninety-six well format and
utilize this assay to screen 10,000 structurally diverse compounds for their ability to in-
hibit the in-vitro assembly of HIV-1 CA. Using cell-based assays, we show that a subset
of the compounds identified in the in vitro screen are effective at limiting viral replication
in cell culture.

MATERIALS AND METHODS
Compounds

A library of 10,000 drug-like molecules, which generally conform to ‘Lipinski’s
Rules of Five’ (a molecular weight less than or equal to 500 Da, five or fewer H-bond
donors, ten or fewer H-bond acceptors, and a calculated log p [octanol/water partition

coefficient] less than or equal to 5)(78), was purchased from ChemBridge Corporation
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(San Diego, CA). The average molecular weight was 347 Da (200-596 Da) and this
value was used for subsequent calculations of concentration unless otherwise indicated.
The compounds came plated in 96-well plates and solubilized in DMSO at 5 mg/mL.
One or more of the following reagents were used as reference anti-HI'V compounds in
cell based assays: Indinavir Sulfate, a protease inhibitor, 3TC and Efavirenz, RT inhibi-
tors were obtained from the National Institutes of Health AIDS Research and Reference
Reagent Program. T-20 peptide, an entry inhibitor, was obtained from John Kappes. The
following were used as anti-CA HIV-1 compounds: CAP-1 (N-(3-chloro-4-
methylphenyl)-N'-{2-[({5-[(dimethylamino)-methyl]-2-furyl} -methyl)-sulfanyl]-
ethyl}urea) compound, a gift from Mike Summers and DSB (3-O-{3',3'-

dimethylsuccinyl}-betulinic acid), a gift from Chris Aiken.

In-vitro MTS Assay

Recombinant CA protein was purified as previously described and stored at 300
UM at -80 °C (28, 52, 71). A turbidity-based assembly assay, previously described(71),
was adapted to a 96-well, microplate format to allow for medium-throughput screening of
compounds in a Nepheloskan Ascent plate reader (Thermo Electron Corp., UK). This
was done by first placing 135 puL of 50 mM Na,HPOy, 2.25 M NaCl buffer, pH 8 in an
optically clear 96-well plate and then initiating assembly by adding 15 pl of recombinant
HIV-1 CA to each well using a multi-channel pipette. Since the halftime of the assembly
reaction is typically ~5 minutes, the plates were read in thirds to prevent loss of the initial
rate data. To accomplish this, CA was added to the first 4 lanes and the reactions fol-

lowed for 10 minutes, the reading was then paused and CA was added to the next four
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lanes, and the process repeated. The instrument was set to have a PMT gain of 500 V,
lamp energy was at 10V, and the integration time was 60 ms. The data were visually
analyzed using a custom-designed Excel spreadsheet that allowed simultaneous plotting
of all kinetic curves. To screen for inhibition of assembly using the compound library,
1.5 pL of compound or DMSO was diluted 90-fold into 50 mM Na,HPQOy, 2.25 M NaCl
buffer, pH 8 in an optically clear 96-well plate. Assembly was then initiated as above by
adding 15 pL of the 300 uM stock (in 50 mM Na,HPO, pH 8) of recombinant HIV-1

CA. The final average compound concentration was nominally 142 uM, the CA concen-
tration was 30 uM, and the NaCl concentration was 2.0 M. The compounds were evalu-
ated for their ability to decrease the rate of assembly as monitored by turbidity and scored

by eye into strongly inhibitory or weakly inhibitory classes.

Cells and Viruses

293T, a human embryonic kidney cell line and TZM-BL, a HeLa-based cell line,
were maintained in DMEM medium supplemented with 10% (vol/vol) heat-inactivated
fetal bovine serum (FBS), 100 U/ml penicillin, 100 pg/ml of streptomycin and 292 pg/ml
of L-glutamine. 5.25.GFP.Luc.M7 cells (Luc-M7), a CEMx174 based cell line(8), were
maintained in RPMI 1640 containing 10% (vol/vol) FBS, 100 U/ml penicillin, 100 pg/ml
of streptomycin, 292 pg/ml of L-glutamine, 1% Hepes, 0.5 pg/ml puromycin, 0.3 mg/ml
geneticin (G418) and 200 pug/ml hygromycin B. JLTRG-RS cells, a Jurkat-based cell line
stably expressing EGFP under the control of an LTR and CCRS5, were cultured in RPMI
1640 1% FBS 1% PSG. Molt4 cells, a human peripheral blood lymphoblastoid T-cell line

expressing either NL4-3 or BAL virus, were cultured in RPMI 1640 1% FBS 1% PSG.
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CD8+ depleted human peripheral blood mononuclear cells (PBMCs) were obtained from
healthy donors (Research Blood Components) and isolated by standard Ficoll-Hypaque
technique and depleted using antibody-conjugated magnetic beads (Dynal/Invitrogen).
The cells were then stimulated and activated with SEB and IL-2. HIV-1n143, HIV-1yu2,
and HIV-1gg3 were prepared by transient transfection of 293T cells with pNL43, pYU?2
and pSG3, respectively, using FuGene 6 (Roche) and collecting the viral supernatant 48-
72 hours post transfection. Viral infectious units were determined by counting the num-

ber of B-Gal" cell colonies in TZM-BL cells as previously described (134).

Anti-HIV Assays (Multiple Round)

The inhibitory effects of the tested compounds on HIV-1yy; replication were de-
termined by the level of luciferase expression after 6 days of infection using Bright-Glo
assay (Promega) and a LUMIstar luminometer (BMG Inc.). 1.5 x 10* Luc-M7 (a gift
from Ned Landau) cells per ml were infected with HIV-1yy, at a multiplicity of infection
(MOI) of 3 (as determined on TZM-BL). The HIV-1 infected (0-75 uM compound) or

mock-infected (0-300 uM compound) Luc-M?7 cells were placed in 96-well culture plates

(100 pl/well) with 100 pl of various concentrations of the compounds with 20pg/ml
DEAE Dextran in triplicate and incubated at 37°C under 5% CO; at 100% humidity. Af-
ter 6 days, cell viability was quantified by Cell-Titer Glo or infectivity measured by en-
dogenous luciferase level using Bright-Glo reagent (Promega). The 50% toxic concentra-
tion (TCsp), 50% inhibitory concentration (ICsg), and the therapuetic index

(TT = TCs¢/ICsp) were then calculated for each of the compounds. The inhibitory effects

of the tested compounds on HIV-1ga; and HIV-1yy 43 viral spread were determined by the

63



level of EGFP expression after 5 days. 2 x 10°/well JLTRG-RS5 cells per ml were co-
cultured with 1 x 10* Molt4 cells/ml stably infected with either HIV-1g5r or HIV-1y143 in
384-well plates in the presence of 0-75 uM compound in singlet. Cell viability in these
cells was determined by comparing them to the level of GFP expression in untreated
JLTRG/CUCY cells. Anti-HIV-1 activity was also investigated in PBMCs infected with
HIV-1gg3 and cultured with various concentrations of test compounds (0-100 uM com-
pound) in triplicate. Cells were infected overnight with SG3 at an MOI of 0.1 in a small
volume in the presence of 20 pg/ml DEAE Dextran. The next morning the cells were
pelleted and washed five times with media before plating in 96-well plates in the pres-
ence of compounds. The activity was evaluated by the level of inhibition of p24 core an-
tigen in the culture supernatant on day 5 as assessed with the HIV-1 p24 enzyme-linked

immunosorbent assay (ELISA) (Beckman-Coulter).

Anti-HIV Assays (Single Round)

The inhibitory effect of the compounds on virus production and infectivity was
determined by measuring the level of p24 produced in the presence of various concentra-
tions of compounds from 293T cells transiently transfected with pNL43 and by titering
the virus on TZM-BL cells. Briefly, 2.5x10° 293T cells/ml were transfected with pNL43
using FuGene 6. Four hours posttransfection the cells were plated in 96-well plates con-
taining 100 ul of various concentrations of compounds (0-75uM or 0-300uM for mock-
transfected cells) in triplicate. 72-hours posttransfection virus supernatant was collected
and stored at -80 °C until analysis. Cell viability on the mock infected cells was deter-

mined using an MTS assay from Promega and compared to DMSO only controls. The
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level of p24 produced at each compound concentration was determined relative to the
level produced in the presence of the DMSO-only controls using HIV-1 p24 enzyme-
linked immunosorbent assay (ELISA) (Beckman-Coulter). To determine virus infectiv-
ity, TZM-BL cells were plated at 1x10° cells/well in 100 pL in 96-well plates overnight.
The next day, the media were replaced with 75 uL DMEM supplemented with 1% FBS,
1x PSG and 40pg/ml DEAE Dextran and 25 pL of viral supernatant from the 293T cells
was added to each well. Three hours later, 100 uL. of DMEM with 7% FBS was added to
each well. Two days after infection the cells were lysed and the level of luciferase ex-

pression was determined using the Bright-Glo (Promega) reagent.

Entry/Early Post-Entry Inhibition
TZM-BL cells were plated at 1x10° cells/well in 96-wells. The next day, the me-
dia were replaced with 75 uL DMEM supplemented with 1% FBS, 1x PSG and 40pg/ml
DEAE Dextran and infected or mock infected with 25 uLL of YU- 2 viral supernatant
from transiently transfected 293T cells. Compounds were added at a final concentration
of 30 uM for UAB 26,41,59,60,70 or 5 uM of UAB 58, DSB, 3TC, AZT and Indinavir,
or 5 ng/ml T-20. Two days after infection, endogenous luciferase activity was measured

with the Bright-Glo reagent and cell viability was determined with Cell-titer Glo.

Virus Release Assay
HeLa cells were transfected with the WT HIV-1 molecular clone pNL4-3 (Adachi
et al., 1986) using Lipofectamine-2000 in 6-well plates and then cultured in the presence

of UAB 58 or 60 (10 and 20 uM) or UAB 26, 60, or 70 (120 uM). Twenty-four hours

65



posttransfection, cells were metabolically labeled with [35S] Met/Cys (Pro-mix; Amer-
sham). Cell and viral lysates were immunoprecipitated essentially as described (Freed et
al., JVI 1994). Briefly, the virus-containing supernatant was pelleted in an ultracentri-
fuge at 35,000 rpm for 45 min. Cell and viral lysates were immunoprecipitated with
HIV-Ig (obtained through the NIH AIDS Reference and Reagent Program) and subjected
to SDS-PAGE. Protein levels were quantified by phosphorimager analysis and virus re-

lease efficiency was calculated as follows: Virus p24/ (cell p24+cell Pr55+ virus p24).

Time-of-addition assay
JC53BL cells (1x10* cells/well in 96-well plate) were infected with YU2 at an
MOI >1 in 50 pL in the presence of 20pg/ml DEAE Dextran and 0.5 uM Indinivar was
present in all wells to limit infection to one round. Compounds were added at 0, 2, 4, 6,
and 12 hours post-infection. UAB 41 and 59 were added at a final concentration of 35
uM. 3TC and Indinavir were added at a final concentration of 5 uM. T-20 was added at
a final concentration of 8 pg/ml. The cells were lysed and assayed for luciferase expres-

sion forty-eight hours post-infection.

Fusion Assay
HIV-1 virions containing the Blam-Vpr chimera were produced by co-
transfecting 293 T cells with pSG3 and pCMV-Blam-Vpr. 100 pl of virus supernatant
was added to1x10’ cells/well in 96-well black clear bottom plates. Compounds were
added at various concentrations and the plates were spun at 1200 x g for one hour at 34°

C. After an hour, the plates were incubated for two hours at 37 °C in 5% CO,. 20 pl of
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CCF2-AM loading solution was added to each well and the plates were incubated for 14
hours at room temperature. The dye was excited at 405 nm and emissions were read at
460 nm and 535 nm on a Victor 3 microplate reader (Perkin Elmer). The background
levels of blue fluorescence in wells containing no virus and green fluorescence in wells
containing neither virus nor cells were determined at 460 nm and 535 nm, respectively,
and were subtracted from the experimental samples. Fluorescence ratios were calculated

for each well.

RT Assay
Purified RT was obtained from Calbiochem,. Approximately one unit per well

was used in the Enzchek kit (Invitrogen) which measures the amount on RNA-DNA du-
plex produced from a poly-A template and T-primer. The protein was diluted into en-
zyme dilution buffer 50 mM Tris-HCI, 20% glycerol, 2 mM DTT, pH 7.6 and incubated
for 40 minutes at room temperature in the presence of various concentrations of com-
pounds. The reaction was stopped with EDTA and picogreen supplied with the kit was
added to each well. Fluorescence was measured by exciting at 460 nm and reading the

emission at 535 nm on the Wallac 1420 Victor 3 microplate reader from Perkin Elmer.

RESULTS
In Vitro Screening of Compound Libraries
The polymerization of recombinant HIV-1 CA into tube-like structures can be
followed by monitoring the time-dependent increase of the reactions’ turbidity (71).

Typically these experiments are performed in a spectrophotometer at a wavelength at
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which the protein does not absorb. Light that is scattered does not reach the phototube
and is recorded as apparent absorbance. We have adapted this assay to a 96-well format
using a nephelometry based plate reader for detection. The assembly reaction is initiated
by adding a sodium chloride stock solution to a stock solution of purified CA protein
with the final concentrations being 30 uM protein and 2.25 M NaCl. These conditions
parallel those that we have used previously to generate tubes of HIV-1 CA in the spectro-
photometer-based assays described above (17). Using this 96-well plate assay we
screened for assembly inhibitors from a library of ten thousand “druggable” compounds
(ChemBridge). The compounds were examined for their ability to inhibit the polymeri-
zation of 30 uM CA protein at a nominal compound concentration of 142 uM. The com-
pounds were scored into strongly and weakly inhibitory classes based on visual analysis
of their ability to decrease the rate of assembly (Fig. 1).

Of the ten thousand compounds screened, 114 (1.14%) were classified as strongly
inhibitory and 1626 (16.26%) were classified as weakly inhibitory. To test for the pres-
ence of compounds that non-specifically perturb protein structure, approximately 15% of
the strongly inhibitory compounds were selected randomly and screened for their ability
to inhibit the in-vitro assembly of the bacteriophage P22. Bacteriophage P22 assembly
requires the activity of two structural proteins, coat and scaffolding which polymerize in
a roughly 2:1 molar ratio. None of the compounds selected inhibited P22 assembly (data
not shown) suggesting that their mechanism of action was not non-specific perturbation
of protein structure. As the initial screen was performed at high compound concentration,
89 of the compounds classified as strongly inhibitory were then titrated down to deter-

mine their ICs for inhibition of in-vitro assembly (Fig. 2). In general, the initial screen-
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ing data held up well to this scrutiny. There were no instances of false positives and with

few exceptions, compounds identified as strongly inhibitory had ICs¢s in the 20 uM range

(Fig 2).

Cell-Based Assays of Activity

Compounds that appear efficacious in-vitro can exhibit toxic effects on cells or
display problems with membrane permeability that would render them ineffective in-
vivo. To eliminate the compounds that fall into this category, 75 of the strong inhibitors
were screened in cell culture for their ability to inhibit virus particle production as well as
for their potential cytotoxicity. To assay for virus replication 293T cells were transiently
transfected with proviral DNA. Four hours posttransfection the selected compounds (or
the equivalent amount of DM SO as mock treatment) were added to the cells to final con-
centrations of 10, 30 and 100 uM. Forty-eight hours posttransfection, the culture media
were collected and analyzed for p24 levels by ELISA and for virus infectivity using
TZM-BL indicator cells. To assay for cytotoxicity, mock-transfected cells were treated
with compound in parallel and the cell viability analyzed after forty-eight hours using an
MTS assay. Seventeen out of the seventy-five compounds showed either a decrease in
p24 production or a decrease in the level of infectious virus in the culture media while
maintaining relatively low toxicity (data not shown). Where are the data? These seven-
teen compounds were chosen for more extensive cell-based analysis.

To identify any compounds that might have been missed, eighty-four of the strong
in-vitro inhibitors were screened in a multiple-round viral spread assay in which MOLT4

cells stably expressing either NL4-3 or BAL strains of HIV-1 were co-cultured with

69



JLTRG-RS indicator cells in the presence of the compound over a 0-75 uM concentration
range. Five days after co-culturing, the level of GFP expression from the JLTRG-RS in-
dicator cells was determined on a fluorescent plate reader (data not shown). The data
were normalized for cell viability using untreated JLTRG/CUCY cells which have the
same parental derivation as the JLTRG-RS cells but were designed to stably express GFP.
From this assay, an additional ten compounds were identified as reducing the spread of

both NL4-3 and BAL. These ten were also advanced for more extensive analysis.

Inhibition of Viral Spread and Selectivity Index Determination

The initial cell-based screens narrowed down the compounds originally selected
for inhibition of CA assembly in- vitro to twenty-seven possible small molecules, which
also appeared to have antiviral activity in cell culture. To more fully assess the effect of
the compounds on viral spread, the twenty-seven compounds were further scrutinized in
5.25.EGFP.Luc.M7 indicator cells. The 5.25.EGFP.Luc.M7 cell line carries a luciferase
coding sequence under the transcriptional control of the HIV-1 LTR. This cell line was
chosen because it requires multiple rounds of virus replication in order to achieve detect-
able levels of luciferase (8). As such, even a relatively small decrease in viral replication
should be detectable. The compounds were tested, in triplicate, at seven concentrations
ranging from 0-75 uM. After six days, the extent of virus replication was assayed by
measuring the amount of luciferase synthesized by fluorescence (Promega Bright-Glo).
To assay for toxicity, uninfected cells were treated with compounds ranging in concentra-
tion from 0-300 uM. Six days after treatment, the cells were assayed for metabolic activ-

ity (Promega Cell-Titer Glo). The TCsg, and ICsgo, values were determined as the con-
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centration at which cell viability and reporter gene expression decreased by 50% respec-
tively (Fig 3). This information was then used to calculate the selectivity index (Table 1).
Six of the twenty-seven compounds had a selectivity index of > 15. These six (Fig. 4)

were advanced for further studies.

Anti-HIV Activity in PBMCs

While laboratory-adapted cell lines provide a reasonably good model for the be-
havior of physiological events, most, in the processes of being adapted, undergo trans-
formations (which may include mutations) that allow them to grow indefinitely. In addi-
tion, laboratory adapted cell-lines tend to be homogenous populations. To study the anti-
viral effect of the selected compounds in a more clinically relevant cell type human pe-
ripheral blood mononuclear cell (PBMCs) from normal donors, depleted of CD8+ cells,
were isolated. After stimulation with SEB and activation with IL-2, the cells were in-
fected in the presence of increasing concentrations of compound. The extent of virus rep-
lication was determined at five days postinfection by measuring the level of p24 antigen
in the media. All but one of the compounds (UAB 60) had an ICs in this assay that was
under 20 uM (Table 1). UAB 41 was not assayed here due to a limitation on the avail-
ability of the compound. However, UAB 59, which is structurally related to UAB 41
(Fig.4), had an 1Csq, of 2.4 uM. To measure cytotoxicity, a mock infection was also per-
formed in the presence of increasing compound concentration. Cell viability was meas-
ure six days after mock infection and used to determine the TCsgq, for the compounds and

subsequently the selectivity index in PBMCs (Table 1). In general, the compounds were
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both less toxic and less effective in PBMCs than in the Luc-M7 cells. The one exception

was UAB 59 which was less toxic but more effective.

UAB 26, 58, and 60 Target a Late Step in Virus Replication

The compounds were selected for their ability to inhibit the in-vitro assembly of
purified CA. Nonetheless, in cell culture with fully infectious virus, the compounds
could act by inhibiting any number of stages in the virus life cycle. Therefore, to rule out
the early steps of infection as the stage at which the compounds act, we performed a sin-
gle-cycle infectivity assay utilizing the TZM-BL cell line. This is a HeLa-CD4/CCRS
(JC53) cell line that carries both the Escherichia coli B-galactosidase and firefly luciferase
coding sequence under the transcriptional control of the HIV-1 long terminal repeat re-
gion. Production of luciferase requires entry, reverse transcription, integration, and the
expression of the Tat protein. As such, in a single-round assay, only compounds that dis-
rupt an entry or early post-entry event would cause a reduction in luciferase expression.
As shown in Fig. 5, the entry inhibitor T-20, and the nucleoside RT inhibitors AZT and
3TC, cause significant reductions in luciferase expression. UAB 41 and 59 also reduced
luciferase expression, indicating a possible entry or early post-entry defect. This result
was unexpected, since these compounds where selected for the ability to inhibit purified
CA assembly. However, compounds have been synthesized that are capable of targeting
both the process of capsid maturation and viral cell-entry (57). As expected, the prote-
ase inhibitor Indinavir shows no reduction in this system because it acts late in the virus
replication cycle. The presence of DSB and UAB 26 during infection resulted in very

little reduction in luciferase levels indicating a late post-entry event as the main target.
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UAB 60 shows no reduction in luciferase levels, but at the same concentration in unin-
fected cells is slightly toxic. It is interesting to note that the degree of toxicity of this
compound to the cells was abrogated by the presence of virus. This phenomenon is also
seen with UAB 58 which was more toxic to the cells than UAB 60 but also showed a sig-
nificant increase in infectivity when compared to level of viable cells in the mock infec-

tion. UAB 70 appears to be highly toxic to this cell line.

Time of Addition

The previous experiments indicated that UAB 41 and 59 may be targeting an en-
try or early post-entry event. To determine which early stage in the life cycle is targeted,
we performed a time-of-addition assay using T-20, 3TC, and indinavir as markers for the
processes of viral entry, reverse transcription, and protease-mediated maturation, respec-
tively. Compounds added after the step they target has already occurred will not be ef-
fective in blocking replication. TZM-BL cells were infected at an MOI >1. Compounds
were added at 0,2,4,6 and 12 hours post-infection in triplicate. Forty-eight hours post-
infection, the level of luciferase expression was determined for each time point and com-
pared to the no-compound controls. As indicated in Fig. 6, both UAB 41 and 59 act at
an earlier step than does 3TC. This result rules out integration as the viral target for these

compounds, suggesting entry, uncoating or reverse transcription as the target. .

UAB 41 and 59 Do Not Affect Virus Entry
To determine whether UAB 41 and 59 act by preventing virus entry, a fusion as-

say was performed. SG3 virions containing the reporter fusion protein Blam-Vpr (j3-
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lactamase- Vpr) were produced in 293T cells and used to infect SupT1 cells in the pres-
ence of compounds. The cells were then loaded with the $-lactamase substrate CCF2-AM
and the level of fluorescence was determined. As seen in Fig. 7, the presence of the entry
inhibitor T-20 inhibited fusion of the pseudotyped virus in a dose-dependent manner,

whereas the RT inhibitor 3TC did not. At the compound concentrations studied, neither

UAB 41 nor 59 inhibited virus fusion.

UAB 41 and 59 Inhibit Reverse Transcriptase

Having ruled out virus entry as the pre-integration target for UAB 41 and 59 we
assayed directly for their effect on reverse transcription by determining whether the com-
pounds could inhibit the in-vitro transcription of a poly-A template in a dose dependent
manner. As positive and negative controls, we used efavirenz and indinavir, respectively.
The template and primer were allowed to anneal for one hour prior to the addition of the
purified RT and the compounds. As expected, efavirenz inhibited the in-vitro transcrip-
tion in a dose-dependent manner while indinavir did not. UAB 41 and 59 also inhibited
RT activity (Fig. 8), suggesting reverse transcription as at least one target for these com-

pounds.

UAB 26, 58, 60 and 70 Do not Reduce Virus Release Efficiency
The previous experiments narrowed down the target for the compounds UAB 26,
58, and 60 to the second half of the viral life cycle; after integration and Tat expression.
The possible steps that could be affected include viral protein trafficking, virus assembly,

release and maturation. Although, the initial transcription of Tat is most likely mediated
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by NF-kf3 and not by virally encoded factors, we hypothesize that viral transcription and
translation are unlikely targets. This is due to the fact that in-order to obtain high levels
of protein expression in the indicator cell lines a continuous supply of Tat must be made.
This is only possible if the machinery for viral transcription and translation remain func-
tional. All four of these steps involve processes that require either Gag or CA. To inves-
tigate possible effects of the compounds on Gag trafficking, virus assembly and release,
HelLa cells were transfected with a WT HIV-1 molecular clone and cultured in the pres-
ence of compounds UAB 26, 58, 60 and 70. Twenty-four hours posttransfection, the cells
were metabolically labeled with [35S] Met/Cys. Cell and viral lysates were prepared and
immunoprecipitated with HIV-IgG and subjected to SDS-PAGE. The virus bands were
quantified by phosphorimager analysis and the release efficiency was calculated. The
results indicated that the compounds did not affect Gag processing efficiency or virus
particle production, compared with DMSO controls (Fig. 6a and b). Interestingly, UAB
70 appears to slightly (2-fold) increase virus particle production in these assays. This ef-
fect was also seen in the p24 (ELISA) cell-culture data (data not shown). These observa-
tions suggest that a direct interaction between UAB 70 and Gag in the producer cell may

cause a modest stimulation in virus particle production .

DISCUSSION
We have previously reported the development of a rapid dilution-induced tech-
nique for CA assembly in which the kinetics of assembly can be followed by monitoring
turbidity(71). This technique has proven to be useful for the evaluation of the effects of

solvent conditions, protein concentration, and mutations on CA assembly. Here we adapt
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this technique to allow for medium-through put processing. We further utilize this fairly
rapid technique to screen a library of 10,000 small drug-like compounds for the ability to
inhibit this assay. In view of the fact that compounds were categorized by visual inspec-
tion for the degree of turbidity reduction relative to the DMSO controls, we further ti-
trated the “strong” inhibitors and confirmed their classification. Compounds that signifi-
cantly reduced CA assembly in this assay were tested in cell culture for the ability to re-
duce virus production, infectivity and viral spread. Based on these initial results, 26
compounds were chosen for more rigorous testing in cell culture. This analysis included a
comparison of the compounds’ toxicity and ability to reduce viral spread. While for the
majority of the compounds the ability to reduce viral spread could not be separated from
their cytotoxicity, there were six compounds for which the antiviral activity could not be
attributed to cell death.

The ability of these compounds to inhibit virus replication in tissue culture did not
prove that the mechanism by which inhibition was occurring was through targeting CA.
To define the step in the virus replication cycle affected by these compounds in cell cul-
ture, a number of assays were conducted. We first tried to determine whether the target
for the compounds was a step that occurs pre-integration or post-integration by using an
indicator cell line (TZM-BL). In this assay three of the six compounds did not inhibit
luciferase expression, indicating a post-integration step as their most likely target. For
these compounds, radioimmunoprecipitation data suggest that there is no defect in viral
protein trafficking, Gag processing, or virus release. Core condensation remains a possi-

ble target, though preliminary electron microscopy analysis suggests no overt defect in

76



virion maturation (unpublished results). Studies are currently underway to elucidate the
exact mechanisms by which these compounds disrupt viral spread.

Two compounds, UAB 41 and 59, were shown to inhibit virus infection during an
integration or pre-integration step. With the possibility existing that the mechanism
could be related to a process involving capsid, in particular uncoating, we set forth to
eliminate the steps that did not involve capsid. First, we determined that the primary tar-
get was indeed a step that occurred before integration by performing a time-of-addition
assay. Next, we eliminated viral entry as a possibility by performing a viral fusion assay.
Lastly, we used recombinant, purified RT to determine whether any of the six compounds
could inhibit the reverse transcription process. We indeed observed inhibition in the pres-
ence of UAB 41 and 59; however, none of the other four candidates tested showed any
effect on RT activity. Since these compounds were originally selected because they sig-
nificantly reduced the in-vitro assembly of purified CA, the fact that UAB 41 and 59 also
inhibit RT may indicate a possible dual action for these two compounds.

Many questions still remain regarding the exact mechanism of action of these potential
lead compounds. Inevitably, answers to these questions will shed light on the characteris-
tic of the binding site(s) for these compounds and determine the feasibility of targeting
the protein-protein interactions driving capsid assembly and maturation in a clinical set-
ting.
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Table 1 — Compiled data of Viral Spread in the Presence of Compounds

5.25.GFP.Luc.M7 cells PBMC cells
Compound | ICsg TCso0s Sl ICs00 TCso0s Sl

UAB 58 0.08 11.7 145.0 7.00 61.5 8.8
UAB 70 1.3 79.2 62.9 4.6 148.4 31.9
UAB 41 2.2 67.9 31.3 n/d >300 n/d
UAB 59 4.6 86.8 18.7 2.6 272.7 104.9
UAB 60 9.2 165.1 18.0 41.2 >300 >7.3
CAP-1 4.8 76.4 15.8 n/d 60.1 n/d

DSB n/d n/d n/d 0.03 49.3 1896.2
UAB 26 3.12 48.9 15.4 18.4 >300 >16.30
UAB 16 15.2 89.3 5.9 n/d n/d n/d
UAB 15 16.9 79.1 4.7 n/d n/d n/d
UAB 6 13.2 49.4 3.8 n/d n/d n/d
UAB 33 31.5 103.7 3.3 n/d n/d n/d
UAB 8 11.4 37.2 3.3 n/d n/d n/d
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Figure 4
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Figure 5
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Figure 6
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FIGURE LEGENDS
Figure 1 — Section of a 96-well plate for a set of in-vitro assembly reactions. Column 1
(black) contains DMSO only (no compound) controls. Position C3 (dark grey)-an as-
sembly reaction in the presence of a compound that was scored in the strongly inhibitory
category. Position B5 (light grey) - an assembly reaction in the presence of compound

that was scored in the weakly inhibitory category.

Figure 2 — a) Titration curve of the strongly inhibitory compound shown in Fig. 1. The
ICsqq for this compound is ~22 uM. b) Histogram of the in-vitro ICsge, distribution for

89 of the strongly inhibitory compounds

Figure 3- Viral spread (closed squares) and cell viability (open circles) for the top six
compounds relative to the DMSO control. Experiment performed in triplicate. Error

bars represent the standard deviation of the three readings.

Figure 4 — Chemical structures of the top six compounds.

Figure 5 — Assay for inhibition of integration and pre-integration steps. Infectivity (stripe

light gray bars) relative to DMSO control and cell viability (dark gray bars) relative to

DMSO on mock-infected cells. The data represents the mean from two independent ex-

periments; error bars represent the standard deviation.
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Figure 6 — Time of addition assay. Compounds were then added to parallel cultures at the

indicated times post-infection in triplicate.

Figure 7 — Entry assay. SG3 Blam-Vpr infected SupT1 cells in the presence of com-
pounds. Fluorescence ratio of blue (infected) and green fluorescence (uninfected) are in-
dicated for each concentration of compound. Concentrations increase two fold for each

factor. Base concentrations are 2.3 uM for UAB 41&59, 0.5 pg/ml for T-20 and 0.01

uM for 3TC.

Figure 8 —RT assay. Dose-dependant inhibition by UAB 41 and 59 of the in-vitro tran-

scription of a poly-A template by recombinantly purified reverse transcriptase.

Figure 9 — a) Phosphoimages of SDS-PAGE of cell and virion associated immunopreci-
pated viral proteins. b) Graphical representation of the virus release efficiency determined
from the SDS-PAGE in a). Efficiency calculated as Virus p24/ (cell p24+cell Pr55+ vi-

rus p24).
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SUMMARY

The aim of this work was to build an understanding of the protein/protein interac-
tions involved in HIV-1 capsid assembly as it relates to the condensation of capsid within
the virion. The approach to accomplish this takes two divergent routes; 1) Armed with
the knowledge that the forces involved in protein/protein interactions are similar to those
in protein folding and that electrostatics can be used to determine specificity, docking
orientation and may either act to stabilize or destabilize a protein complex we set out to
unravel the role of electrostatics in HIV-1 capsid assembly. 2) Secondly, we searched for
small molecules that could inhibit or alter the protein/protein interactions in capsid as-
sembly as a means to; 1) use selected small molecules to find binding sites that would be
deleterious to assembly and thus characterize sites of interactions important to assembly,
2) determine the feasibility of developing antivirals design to target protein/protein inter-
actions involved in HIV-1 capsid condensation.

In the first section of the dissertation the reprinted article focused on the role of
electrostatics in the assembly of HIV-1 capsid. Utilizing a then newly developed in-vitro
assay capable of monitoring the process through the time-dependent increase in turbidity,
we measured the effects of electrostatic mutants on the process of capsid assembly in-
vitro. Some of these mutations were previously shown to affect viral infectivity through
stabilization of the core (E45A, E128 A/R132A). Focusing on these residues, mutations
were made to determine the effect of their charge state on the process of assembly. In ad-
dition to the residues studied in-vivo, two previously unstudied mutations, K131A and
KI131E, were constructed. This charged amino acid was one that was centrally located in

the structure of the N-domain of HIV-1 capsid to the other charged residues.
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The paper starts by demonstrating that under identical assembly conditions the
mutant proteins have varying rates of assembly. To ensure the validity of these differ-
ences, the assay was analyzed to verify the turbidity measures were proportional to the
amount of polymerized CA for each mutant. In addition, since turbidity is a result of
light scattering and in this case provides little information about the structure of the po-
lymerizing protein the assembled mutant capsid were visualized by thin-section electron
microscopy (Appendix 1) to confirm tube formation. Next to determine if the charge mu-
tants were altering the assembly rate through changing the rate of subunit addition, the
assembly pathway was described by elucidating the number of molecules involved in the
rate determining step. This was done by calculating the dependence of the initial assem-
bly rate to the initial protein concentration at constant salt in a manner analogous to chain
polymerization in polymer chemistry. Although not explicitly presented in the reprinted
article the assembly rate dependence on protein concentration is ~4. This estimate repre-
sents the average number of molecules involved in the rate-determining step which for
the process of HIV-1 CA assembly in-vitro most likely is a nucleation step substantiated
through the existence of a critical concentration for assembly. Interestingly, there is no
sub-structure within the final complex that is made-up of four subunits. Isolation of
dimers, formed through interactions in the C-domain has been extensively demonstrated
(44, 140) and hexameric formation through the N-domain has been shown in the final
tube structure (76). Perhaps, the interaction of the N-C interaction is one that occurs be-
tween pairs of dimers as modeled by Lanman et al.(68) and through the formation of this

critical interaction, hexamers can form and tube elongation can occur.
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Having proved that the assay was reliable, the next task undertaken was to prove
that the effects seen were due solely to the addition or subtraction of charge and not to
conformational changes of the protein. To do this the CD spectra and melting point at
fixed ellipticity for each mutant was obtained at protein concentration where the capsid
protein is monomeric. Furthermore the stability of the mutant proteins was reaffirmed
through the ability to form dimers as assessed by sedimentation equilibrium.

Building on the fact that changes in charge state affected the rate of assembly
without, a) influencing the fidelity of the assay, b) altering the conformation or stability
of the monomeric protein, or ¢) modifying the stability of the dimer, we set out to conclu-
sively prove that the changes where strictly a result of varying the electrostatic makeup of
the protein. To do this the rate dependence of assembly on salt concentration was deter-
mined for each mutant. The ability of all but one mutant to assembly at the same rate
once all charges on the protein were neutralized was also demonstrated. The exception
was the K131A mutant whose dependent on salt was similar to wild type. In the last sec-
tion of results this mutant is shown to posses a substantial higher critical concentration
for assembly suggesting that impairment in the ability to nucleate is the cause for the dif-
ferences in assembly rate. Additionally, the level of turbidity associated with the amount
of capsid polymerized was lower for this mutant. With E45A, the level was higher and
can be shown to be a result of the formation of shorter tubes, due presumably to the abil-
ity to form more nuclei. In a similar manner, K131A’s inability to nucleate, likely re-
sulted in the formation of longer tubes due to fewer nuclei. Although there is no direct
evidence to support this it is suggested by the ability of K131A to participate in assembly

when it is aided by E45A which may serve to nucleate the assembly reaction. If indeed
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the rate limiting step is the nucleation step and it represents the formation of the N-C in-
teraction, then the inability of this mutation, located away from the N-C interaction site to
form this interaction would signify a crucial role of the entire electrostatic network of the
protein on capsid condensation.

Lastly the affect of the mutations on the critical concentration of the reaction was
measured by determining the concentration of unpolymerized protein remaining after one
hour (approximately steady-state) over a range of protein concentration. This figure pro-
vides a value for comparing of the energetics of the intersubunit interactions since the
critical concentration for polymerization reflects the equilibrium between subunit addi-
tion and dissociation. The mutations effect on the assembly rates correspond to their equi-
librium positions; mutants with lower critical concentration show faster assembly. The
exception to this is the double mutant which had a higher critical concentration than wild
type but demonstrated similar assembly kinetics. One possible explanation to this phe-
nomenon is both a reduce capability to form nuclei and shorter tube formation.

The paper finishes with a discussion of the purposed role of electrostatics in un-
coating. Concentrating on the metastability of the virion that occurs as a result of matura-
tion, a simplistic model for the role of electrostatics in the uncoating process is presented;
surmised from the detrimental role it plays in capsid condensation.

As presented in the “Introduction” section one major conundrum for enveloped
viruses is that they must both come together and fall apart in an identical environment.
Biologically, the mechanism of maturation in enveloped viruses helps to solve this prob-
lem. It allows the virus to stably come together during assembly in the vast volume of a

cell, after which a membrane encases the virion reducing that volume and shifts the equi-
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librium to one that supports the maintenance of the matured core but primes it to come
apart when reintroduced into a new cell. The resulting metastability would seem to be the
effect of different or reduction in protein-protein interactions between the two states.

For HIV-1 core formation is aided by the assembly of intermediate structures that
are subsequently cleaved. It seems intuitive that there would be more combining interac-
tions in the polyprotein that forms the immature virus than when this protein is cleaved in
the mature virus for each of the released proteins. However, concentration dilutions and
reduction of interactions may not be enough to drive the disassembly of a formed com-
plex however less stable it may be. Furthermore, the release of each of the sub-proteins
undoubtedly results in the formation of new interactions as the protein relaxes and con-
denses from a stretched out state. Even though this release may allow for the formation of
new interactions it is still questionable as to whether these interactions would equal or
exceed the interactions present in the immature particle. There may be another reason for
assembling through intermediate structures that are subsequently cleaved. In theory, it
could allow the virus to overcome negative interactions either by preventing their forma-
tion until after maturation or by allowing more net positive interactions. These negative
or rather repulsive properties may actually be a major driving force behind virus uncoat-
ing in the cell. The mechanism of action for the restriction faction Trim5a has been
shown to be the acceleration of uncoating. With mutations located in the N-domain being
resistant to this action and removal of charge residues activating the anti-viral activity of
the human isoform of Trim5a to HIV-1 electrostatics may be the key to regulating capsid

self-association.
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In the second section of the dissertation is a manuscript in preparation for submis-
sion. Utilizing a library of 10,000 small molecules we screened for the ability of com-
pounds to reduce the turbidity associated with the in-vitro assembly of HIV-1 capsid.
One hundred and fourteen of the compounds exhibited strong inhibitory effects on the in-
vitro assembly reaction. Equipped with 96 of the 114 compounds we advanced the study
to within the virion and searched for compounds that would reduce viral production and
spread in culture with limited toxicity to the cell. A series of cell culture assays were
performed with the intentions of weeding out compounds with blatant toxicity or perme-
ability problems. From these assays six of the 96 compounds showed anti-viral effect
with a selectivity index of >15.

Next to correlate the compounds in-vitro anti-assembly properties to their anti-
viral effects in the cell a number of experiments were performed to establish the stage in
the virus life cycle being affected. Three of the six compounds exhibited anti-viral prop-
erties during the second half of the virus infectivity cycle, while two compounds demon-
strated this ability in the first half. For these two compounds an attempt was made to at-
tribute the antiviral effect to uncoating which is the main capsid related event taking
place in this phase. Since, at the time there were no direct ways of monitoring or quanti-
fying the process of uncoating the approach taken was one of elimination of all other pos-
sible stages. However, this was not accomplished, since the compounds were found to
interfere with the activity of reverse transcriptase. Although unexpected, this does not
absolutely eliminate the possibility that these compounds interfere with capsid related

events, for which they were chosen, but rather introduces another possible function.
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The three compounds affecting the second half of the replication cycle were also
subjected to the elimination procedure to determine more concisely the process be af-
fected. Data not including in the manuscript include, thin-section electron micrographs
which show no deleterious effect on core structure. These were not included because
none of the compound concentrations studied showed complete viral inhibition with little
to no toxicity effects. Without this condition, we could not be certain that the viral parti-
cles observed were those incorporating compounds. Additionally, the fact that the coni-
cal core structure was retained did not eliminate capsid condensation as the compound
target since the overall structure can be retained while weakening the complexes stability
which in turn affects virus infectivity. Although compounds did not abrogate condensa-
tion as has been shown for some mutations and drugs they may alter the interactions pre-
sent in the structure, a condition that is difficult to prove due to the inherent metastability
of the core.

There are a number of capsid involved activities that take place in the second half
of the replication cycle. All of which are subject to interference with compounds targeted
to capsid. Focusing on these more plausible unintended targets an experiment was de-
signed to investigate the effect of the compounds on Gag trafficking, virus assembly and
release. This was accomplished by labeling virus infected cells with [35S] Met/Cys and
quantifying the immunoprecipitation of Gag related proteins from both the cell and viral
supernatant with HIV-IgG through phosphorimagery. Additionally, analysis of the SDS-
PAGE of the extracted proteins revealed normal Gag processing in both the cell and re-

leased virus.
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Although not mentioned in the text of the manuscript, there were several attempts
made to determine the binding site for the compounds. Binding to the N-domain for some
of the compounds was determined through NMR chemical shift mapping. UAB 26 binds
to this domain in the region involved in the N-C interface, which may explain why the
binding sites for some of the other compounds where harder to determine. Currently
NMR of HIV-1 capsid is limited to the isolated domains. This is because CA proteins
form dimers in solution, whose mass borders the upper limit achievable. Attempts at per-
forming NMR determinations on largely monomeric mutants of the whole protein have
been undertaken. However the results were ambiguous in the C-terminal domain due to
the large degree of rotation that occurred (7). If the N-C site is the hot spot for binding
both halves of the interaction may need to be present to form a sufficient binding pocket.
The compounds may not be capable of holding on tight enough to just a fraction of the
site. With the current structural information and technical limitations, conclusively
demonstrating this region as the primary target for small inhibitory molecules will be dif-
ficult.

This manuscript demonstrates that small molecules selected for their ability to
inhibit the in-vitro process of capsid assembly can also be used to disrupt viral spread in
the cell. It has been more difficult to provide definitive evidence that this anti-viral effect
is correlated to interference or alteration of capsid condensation within the virion. How-
ever, other stages in the viral replication cycle have been eliminated as targets increasing
the probability that capsid condensation serves as the platform for the anti-viral effect

exhibited by these compounds.
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APPENDIX A

SUPPLEMENTAL HIV-1 CAPSID MUTATION DATA
(Data Referenced as Data Not Shown in Reprint)
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Assembly Reaction of K131E with E45A and Wild Type Protein
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Equilibrium Sedimentation of E45A N-Domain in the Absence and Presence of High Salt
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APPENDIX B

COMPILED CELL CULTURE DATA



Table of Cell Culture Luc-M7

Compound
MS
UAB 1
UAB 3
UAB 4
UAB 5
UAB 6
UAB 7
UAB 8
UAB 9
UAB 10
UAB 11
UAB 12
UAB 13
UAB 14
UAB 15
UAB 16
UAB 17
UAB 18
UAB 19
UAB 20
UAB 21
UAB 22
UAB 23
UAB 24
UAB 25
UAB 26
UAB 27
UAB 31
UAB 32
UAB 33
UAB 34
UAB 35
UAB 36
UAB 37
UAB 38
UAB 39
UAB 40
UAB 41
UAB 42
UAB 43
UAB 44
UAB 45
UAB 46

TC50
76.4
114.6
120.0
5.5
59.6
39.4
55.1
31.6
47.7
78.3
52.6
34.9
51.3
60.5
97.0
106.7
43.4
5.5
44.7
87.3
191.2
191.3
57.4
79.6
7.1
48.9
44.0
63.5
45.0
75.4
30.9
20.6
0.9
10.4
323
5.5
18.0
67.9
90.9
147.6
191.6
76.9
45.9

IC50
4.8
>69.9
>50.
>50.
41.3
16.5

15.2

>65.3
44.0
32.6
28.6

3.5
66.2
>49.9
>63.

5.4
3.2

>64.8
35.9

2.2

40.7

SI
15.8

>1.6
>2.4
>0.1
1.4
2.4

2.1

>0.8
1.4
3.0
3.7

1.6

1.3
>1.2
>1.3

1.3
15.4

>0.7
2.1

31.3

1.1




Compound
UAB 47
UAB 48
UAB 49
UAB 50
UAB 51
UAB 52
UAB 53
UAB 54
UAB 55
UAB 56
UAB 57
UAB 58
UAB 59
UAB 60
UAB 61
UAB 62
UAB 65
UAB 66
UAB 67
UAB 68
UAB 69
UAB 70
UAB 71
UAB 72
UAB 73
UAB 74
UAB 75
UAB 76
UAB 77
UAB 78
UAB 79
UAB 81

TC50
57.1
348.2
48.3
34.0
54.6
34.2
7.9
523
8.3
85.7
129.3
11.7
86.8
165.1
226.6
19.9
25.0
55.0
20.8
26.9
15.2
79.2
6.9
90.6
7.9
78.2
194.7
1.2
110.9
116.6
15.1
34.0

IC50
82.3

0.1
4.6
9.2

1.3

59

SI
0.7

145.0
18.7
18.0

62.9

1.3
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293T Cell Culture Data

Compound  Infectivity  p24 50% TC50% SI - Infec- SI - p24

50% tivity
UAB 14 N/A 62.8 102.0 1.6
UAB 18 43.2 1.8 9.1 0.2 5.1
UAB 25 17.7 10.4 174.0 9.8 16.7
UAB 26 17.6 60.2 193.0 11.0 3.2
UAB 47 342 24.6 202.0 5.9 8.2
UAB 58 10.0 1.7 5.0 0.5 3.0
UAB 70 32.9 67.5 135.2 4.1 2.0
UAB 73 32.0 70.0 178.4 5.6 2.5
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