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ABSTRACT

s

Although atomic resolution structures of a number of retroviral capsid
proteins have become available recently, relatively little is known about the
interactions between capsid proteins that drive virus particle assembly. We have
employed genetic, biochemical, and biophysical approache;. t§ investigate the
structural interactions of both the human immunodeficiency virus type 1 (HIV-1)

and Moloney murine leukemia virus (M-MuLV) capsid proteins (CA).

We used site-directed mutagenesis and biochemical techniques to
investigate the ability of cysteine residues introduced into various regions of the
CA domain to form intermolecular crosslinks in the presence of cysteine-specific
crosslinking reagents. Specific cysteine mutants in both viruses were able to be
crosslinked allowing prediction of regions that might interact in virus particles.
In M-MuLV we found that the ability of certain mutants to form crosslinks was
dependent upon their context in immature or mature virus particles, suggesting
that the CA undergoes a significant conformational change during particle
maturation. In HIV-1 removal of a naturally occurring cysteine residue from the
C-terminal domain of CA abolished particle assembly and release, suggesting
that this region is critical for virus particle assembly. In addition, cysteine
creations in the major homology region (MHR) of the HIV-1 CA abolished virus
infectivity but did not visibly affect assembly, indicating that they were blocked

in a post-entry step of infectivity.



To analyze CA-CA interactions further, we established a method for in
vitro assembly of histidine-tagged (his-tagged) CA proteins on nickel-chelating
lipid monolayers. We used this system to obtain projection structures of his-
tagged M-MuLV CA (his-MoCA) proteins to 9.5 A resolution and his-tagged
HIV-1 CA (his-HIVCA) proteins to 23 A resolution. Both structures appeared to
have a trigonal or hexagonal organization characterized by hexameric cage-holes.
We extended these studies by obtaining three-dimensional (3D) structures of his-
MoCA and his-HIVCA proteins to approximately 25A resolution from images of
tilted, negatively-stained 2D crystals. In contrast to expectations from the
projection structures, 3D structures displayed a lack of symmetry, appearing to
form strands of dimers with the N- and C- terminal domains (NTD and CTD)
dimerizing with different partners, and did not exhibit trigonal or hexagonal
organization. In both structures the membrane-proximal densities fit
expectations for the size of NTD dimers. However, membrane-distal densities
appeared to be forming connections with several partners for each NTD, each of
which was less dense than would be expected for a CTD. These observations
suggest that CTDs adopt alternate conformations which appear as overlapping
densities in our structure. Both structures seem to be compatible with
helical/spiral models of retovirus assembly but do not agree easily with

icosahedral models.

-
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Summary

Viruses in the family Retroviridae, the retroviruses, have been found to
play an increasingly important role in h}lman disease. Human
Immunodeficiency Virus Types 1 (HIV-1) and 2 (HIV-2), Human T-Cell
Lymphoma Virus (HTLV) as well as human endogenous retrovirus (HERV)
sequences are the causes of human diseases (31, 102). HIV-1 is the etiological
agent of acquired immune deficiency syndrome (AIDS), which has become the
fourth leading cause of mortality in the world today (1). Therapeutic drugs
against HIV-1 to date have been targeted primarily at the stages of the viral life
cycle involved in the reverse transcription of the virus in host cells and most
recently at the maturation of infectious virus particles (47). Relatively little

information is known about the processes of retroviral assembly that occur in

infected cells to produce virus progeny capable of propagation.

Due to the nature of their life cycle and their permanence in the host cell’s
genome, retroviruses also have become a valuable tool in the development of
vectors for use in gene therapy protocols for the treatment of disease. Retroviral
vectors can be designed to target specific cell types and a number of approaches
have been employed that allow regulation of gene expression. In addition to
tf\eir clinical importance, retroviruses have been employed for numerous
laboratory uses such as transduction of exogenous genes, insertional
mutagenesis in eukaryotic models, cell fate determination during organism

development and cDNA library construction (108).
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Retroviruses are enveloped viruses containing two copies of single-
stranded RNA genomes which encode three primary genes, gag, pol and env. The
surface of the virus is covered by products of the env gene which are involved in
binding and entry into the target cell. The inner core structure of the virus is
formed by gag gene and ranges in shape from spherical to conical (31). The pol
gene encodes the reverse transcriptase (RT) and an integrase’ (]N) protein which
allow the retrovirus a unique lifestyle by transcribing the RNA genome into
DNA followed by incorporation into the genome of the host cell. In most
retroviruses the pol gene also encodes a protease (PR) responsible for viral
maturation. This thesis examines mechanisms of particle assembly for HIV-1, a
member of the lentivirus subfamily and Moloney Murine Leukemia Virus (M-
MulV), a type C retrovirus. Specific attention will be given to these two viruses

throughout this introduction.
Principles of Virus Structure

All viruses face a similar problem: how to transfer a nucleic acid viral
genome from host cell to host cell in the most efficient manner. This
consideration imposes a restriction on the size of the genome which is minimized
By the use of one or a few kinds of protein structural subunits. Viruses generally
accomplish this by enclosing their genomes in a structure with helical symmetry
or icosahedral symmetry. In this way, multiple copies of a single structural
subunit can participate in the formation of a complex structure with similar

repeating protein-protein interactions (71). These structures are capable of
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carrying the viral genome as well as infection of the target cell and other

functions such as host immune system evasion in the case of animal viruses.

Equivalence

The similarity of protein-protein interactions lies at the heart of formation
of both helical and icosahedral viruses from single structural subunits. This
quality is referred to as equivalence, which simply means that each structural
subunit forms identical protein-protein interactions with the neighboring
structural subunits in the virus structure. Except in the cases of the most basic
manifestations of helical and icosahedral virus structure, maintenance of strict
equivalence is not possible for all structural subunits. Instead some or all of the
subunits must occupy different environments depending on their locations in the
overall virus structure. If the subunits are able to accommodate the different
environments with minor adjustments such as slightly altering protein-protein
interaction angles, they are described as being quasi-equivalent (71, 86, 87). In
certain cases, such as in the polymaviridae, structural subunits must accommodate
large differences in their environments, even taking on different protein

conformations (141, 142, 144). This is referred to as non-equivalence.
Helical Virus Structure
Helical structures are formed by permutation of the viral structural

subunits in a helix to form a tube-like structure (Figure 1d). Helical symmetry

can be described by the number of units per turn, u, and the axial rise per unit, p,
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with the pitch given by P = u x p. These viruses generally take the form of long
tubes whose length is often governed by association of the structural subunits
with nucleic acid strand(s) of given length (i.e. the viral genome). Helical
structures can be described by a surface lattice, the network of protein-protein
interactions between structural subunit; on the curved surface of the helix (71). A
flat, planar surface lattice can be ‘rolled up” to form the helical structure, the

number of units that encircle the helix once being u, and the number of units

offset for each turn being p, which is not necessarily an integer.

Subunit interactions must take place in the strands that form the helix
(side-to-side) as well as between the strands (top-to-bottom). A spherical
structure could, in theory, be generated by a permutation of the structural
subunits in a spiral instead of a helix, as proposed for retrovirus structures (25).
This would involve a continuous variation of the pitch of the helix from one pole
of the spheroid to the other and would necessitate formation of quasi-equivalent
interactions between strands since the relative locations of the neighboring

proteins also would vary continuously.

Icosahedral Virus Structure

Most spherical viruses have been shown to have icosahedral symmetry,
characterized by a soccer-ball-like shape having 20 faces which are 3-fold
symmetric, 12 vertices which are 5-fold symmetric, and 30 edges which are 2-fold
symmetric (see Figure 1a). The icosahedral nature of the virus is defined by these

symmetry constraints, not by the physical shape of the particle. Thus an
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icosahedral virus may have a spherical outer appearance, but the structural
subunits still precisely obey the three symmetry axes. In the simplest case, an
icosahedral virus is comprised of 60 structural subunits, each subunit satisfying
all three symmetry constraints (see Figure 1b). In this case, each face is composed

of three protein subunits, and every protein subunit forms exactly equivalent

interactions with its neighbors.

Larger viruses must accommodate more than three subunits per
icosahedral face. Some viruses accomplish this with multiple proteins forming
one of 60 icosahedral subunits while others have identical protein subunits in
some multiple of 60. In these cases the subunits must occupy quasi-equivalent
environments depending on their location in the face, or on a vertex or edge. For
icosahedral viruses with more than 180 subunits only certain multiples of 60
subunits with very similar interactions are allowed. The triangulation number, T
=h? + hk + k* (h and k being integers), gives the allowed multiples of 60
subunits. Common T numbers for icosahedral viruses include; T=3 (many plant
and insect RNA viruses), T=4 (togaviruses), and T=7 (heads of bacteriophages

P22 and A) (71).
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Figure 1. Models of retrovirus assembly.

(A) Icosahedral model. An icosahedron showing 10 of 20 equilateral triangular faces and 9 of 12
vertices. Each face has a three-fold axis of symmetry (triangle), each edge has two-fold axis of
symmetry (oval), and each vertex has a five-fold axis of symmetry (pentagon). Each of the
symmetry axes is a point of potential quasi- or non- equivalence for protein subunits. Viruses
with a triangulation number (T) of 1 have one subunit occupying each face in a universally
equivalent manner, viruses of type T = N have N x 60 protein subunits and N units per face.

(B) T=1 icosahedral model. An icosahedron with a triangulation number, T=1, schematically showing
the location and orientation of protein subunits.

(C) Hexagonal network, A hexagonal lattice can be converted into an icosahedron by removing the
wedge and folding the remaining lattice down the lines indicated, so that the new edges meet.
Adapted from Nermut, et al. (41).

(D) Spiral/helical model of retrovirus assembly. The spiral/helical model of retrovirus assembly,
adapted from Campbell and Vogt (8).
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Like helical structures, icosahedral structures can be described with a
surface lattice, and flat subunit networks can be folded to form icosahedral
structures. Formation of one vertex (and associated five sides) of an icosahedron
from a flat lattice can be envisioned as elimination of a 60° wedge from the
lattice. The remaining five wedges (eaclrl 60°) are then folded to introduce the
fivefold symmetric vertex as well as the three dimensional nature of the surface,
producing one quarter of an icosahedron (5 of 20 faces). In viruses, this is often
accomplished by starting with a hexagonal surface lattice (see Figure 1c). When a
60° wedge is removed from a hexagonal lattice, the fivefold symmetric vertex is
formed from a sixfold symmetric hexamer and thus requires minimal differences
in structural interactions. It can be seen in Figure 1b, that removal of such a
wedge from a hexagonal network also allows the portions of subunits on the

edges to match up, giving an integral number of subunits.

Since both helical and icosahedral structures may be formed from surface
lattices, it is sometimes the case that these structural forms are combined, such as
in the heads of T4 bacteriophages (71). In this case icosahedral ‘caps’, and tubular
sides (exhibiting helical symmetry) are both formed from the same surface
lattice. In a similar manner, structural subunits of icosahedral viruses may
aberrantly assemble helical structures. In both cases the subunit interactions are
sﬁfficiently similar between the icosahedral and helical structures to allow

formation of both structural types.



Chapter : Introduction 9

Determination of Virus Structure

Electron microscopy (EM) techniques have been the tools most often used
in the determination of general morphology of virus particles. It is often possible
to determine whether the virus has heli::al or icosahedral symmetry, either by
simple observation or by using computer image processing techniques. For
instance, computational methods exist for the determination of both helical and
icosahedral parameters generally using a number of images representing various
views of particles. Image reconstruction of particles to moderate resolution from
such data is possible. For higher resolution structural information, X-ray
crystallography of whole virus particles has been employed. This technique
requires large amounts of very homogeneous virus particles that can be

crystallized to work effectively. The first X-ray structures of animal viruses were

determined for picornaviruses (75, 139).

Results from structural studies need to be tested by genetic and
biochemical experiments and reconciled with existing data of this type. For
example, initial X-ray structures for the picornaviruses were supported by
studies of neutralizing antibodies, some of which reacted to epitopes formed at
the junction of two or more structural subunits (114). Other corroborating data
has been gained from purely genetic approaches (71, 84) , as well as other

biochemical approaches (70, 98).
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Overview of the Retroviral Life Cycle

The life cycle of a prototypic retrovirus (see Figure 2) begins when a
mature, infectious particle encounters a-target cell with the appropriate surface
receptor(s). The viral envelope glycoproteins bind to this receptor which causes a
conformational change in the envelope to expose a fusion domain that allows
fusion of the viral membrane with that of the host cell (82). HIV-1 has two
receptors, the CD4 glycoprotein and members of the chemokine receptor family.
Binding of the envelope protein to CD4 exposes regions of the envelope which
bind to the chemokine receptor and expose the fusion domain (169). The receptor

for the ecotropic M-MuLV envelope is a cationic amino acid transporter (82).

After the viral membrane has fused with the host cell membrane, the viral
nucleocapsid structure is deposited in the host cell cytoplasm where the particle
uncoats to release the reverse transcription complex which includes viral RNA
and reverse transcriptase and integrase as well as accessory proteins (165).
Retroviral uncoating is one of the most poorly understood steps in the life cycle
but gag gene products clearly play a significant role in this process (156). Reverse
transcription of the viral genomic RNA occurs via a well-defined but complex set
of steps involving two distinct functions of the RT, a reverse transcripase and a
nuclease (RNase H) which is specific for the RNA strand of RNA:DNA duplexes.
The er;d product of this process is a double stranded proviral DNA form, which
differs from the genomic RNA by the presence of a complete copy of the viral

long terminal repeat (LTR) at either end of the genome (148, 156).
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Figure 2. The life cycle of a retrovirus.

The life cycle of the retrovirus begins when a mature virus particle binds to its
target receptor(s) on the surface of a host cell and is internalized. Once in the
host cytoplasm the viral core uncoats, and reverse transcription of the single-
stranded viral RNA to a double-stranded DNA provirus occurs, followed by
the transport of the pre-integration complex into the nucleus and integration of
the provirus into the cellular genome. Translation of the Gag and Gag-Pol
fusion proteins occurs from unspliced viral genomic RNA and translation of
env gene products as well as other accessory proteins occurs from singly- or
multiply- spliced RNA transcripts. Gag and Gag-Pol proteins assemble on the
plasma membrane (for lentiviriruses and type C retroviruses), envelope (Env)
proteins, viral genomic RNA, as well as viral and/ or cellular accessory
proteins are incorporated into particles which bud through the membrane and
are released from the cell. During or just after particle budding, the viral
protease cleaves the Gag and Gag-Pol proteins to form a mature, infectious
virus particle.

The complex of viral DNA, IN, and accessory proteins, known as the
preintegration complex (PIC) is transported into the nucleus, either by diffusion
during mitotic nuclear breakdown or, in the case of HIV and possibly other

lentiviruses, active transport through the nuclear pore complex (49). Once in the
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Figure 3. Genomic Organization of M-MuLV and HIV-1.

The genome of a protypic retrovirus (top) showing an integrated proviral form

which includes 5 and 3’ LTRs, gag, pol and env genes. Organization of Gag proteins

from HIV-1 (middle) and M-MuLV (bottom), showing the Gag domains for each. In

addition the N- and C- terminal domains (NTD and CTD) are noted by N and C

(outlined) and the location of the major homology region (MHR) is noted in yellow).

The HIV-1 Gag protein (pr55; middle) contains the matrix, capsid, nucleocapsid and

p6 domains as well as proteolytic fragments, p1 and p2. The M-MuLV Gag protein

(pr65; bottom) contains the matrix, p12, capsid and nucleocapsid domains.
nucleus, the viral IN directs the looping of the viral DNA and complex formation
with the cellular genomic DNA. The genomic DNA is cleaved by IN via a direct
transesterification reaction and the 3" ends of the viral DNA are joined to the
genomic DNA. Gap repair, possibly accomplished by RT, and ligation complete
the reaction, yielding a fully integrated provirus (19). Integration sites appear to
be sequence non-specific but show a preference for highly bent regions of DNA

and are influenced by the presence of DNA binding proteins (129).

From the integrated provirus (see Figure 3), RNA transcripts are produced
using the 5" LTR as a transcriptional promoter. Unspliced, full length, viral RNAs
function as the viral genome as well as coding for the gag and gag-pol gene

products. A portion of these transcripts are spliced to form subgenomic mRNAs.
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In the case of M-MuLV, the one alternatively spliced product encodes the env
gene, but in HIV and other complex retroviruses, multiple splice pathways are
utilized which generate transcripts for multiple accessory proteins as well as Env

(130).

Gag proteins are translated as polyprotein precursors (PrGag) from free
polyribosomes in the cytoplasm and transported to the plasma membrane by an
unknown pathway (155). Approximately 5% of PrGag proteirns are produced as
Gag-Pol fusion proteins via a frameshift mechanism in the case of HIV or
suppressed termination in the case of M-MuLV (72, 83, 157). The Gag proteins of
HIV-1 and M-MuLV are 55 kDa and 65 kDa in size, respectively, and thus are
referred to as Pr55°% and Pr65°* (see Figure 3). PrGag proteins of HIV and M-
MuLV, as well as most other retroviral PrGag proteins, are modified by the
addition of a myristate group to their N-termini which is essential for targeting
to and association with the membrane (20, 73, 97, 135). Upon reaching the plasma
membrane Gag proteins oligomerize and direct incorporation of the envelope
proteins, RNA and accessory proteins into the assembly complex, or virus
particle (8, 32, 51, 97). Concurrent with oligomerizati(jn, virus particles begin to
bud through the membrane and are released as immature particles, characterized
by an electron dense layer just under the viral membrane and an electron lucent
center (89, 76, 90, 124). During or just following budding the viral protease is
activated, by homodimerization, possibly driven by the oligomerization of the
Gag portions of the Gag-Pol proteins (155, 157). The protease cleaves the PrGag
and PrGag-Pol proteins into their component parts thus achieving virus

maturation and formation of an infectious virus particle, characterized by
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condensation of an electron dense core structure, roughly spherical in the case of

M-MuLV and conical in shape for HIV-1 (59, 76, 90, 124).
Gag Protein Organization

As “particle-making machines” (42) , Gag proteins are responsible for
incorporation of viral RNA, envelope proteins and other viral énd /or cellular
accessory proteins as well as the generation of the particle st;*ucture. The
assembly function can be further divided into several steps, membrane targeting
and binding (M), formation of structural interactions with other Gag proteins (I),
and regulation of functions necessary late in the budding process (L) (36, 155).
Retroviral Gag proteins have been shown in several systems to be necessary and
sufficient for virus-like particle assembly and release (36, 38, 140, 147, 168). Gag
proteins are synthesized as polyprotein precursors (see Figure 3) constituting a
minimum of three protein domains, matrix (MA), capsid (CA), and nucleocapsid
(NC). Although the presence and relative order of these domains in Gag proteins
is invariant between retroviruses (155), some encode other domains in their gag
genes. M-MuLV has a domain, p12, which lies between the MA and CA
démains, and HIV-1 has a domain, p6, which lies at the C-terminus of Gag
following the NC domain (see Figure 3). Following are short reviews of what is
currently understood about the functions and structures of each of the M-MuLV

and HIV-1 Gag domains.
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Matrix

The matrix protein is positioned at the N-terminus of the PrGag and has
been shown to contain the membrane targeting and association (M) function (97,
155), as well as playing other important -‘roles in the virus life cycle. The MA
domains, and thus the PrGag proteins, of both M-MuLV and HIV-1 are modified
by the addition of a 14-carbon fatty acid, myristate group at their N-termini (20,
73,97, 135). Myristate addition has been shown to be essenti;d though not
sufficient for the M functionality (20, 136), sequences in the amino-terminal
portion of MA are also required (118, 177, 178). These sequences have been
proposed to form a positively charged patch, which interacts with negatively
charged phopholipids (33, 105, 149, 177). The model that has been proposed to
explain these findings is one in which myristoylation provides a weak, and thus
reversible, association with the plasma membrane and that the sequences in MA
constitute a switch that is turned ‘on” during assembly for tight membrane
association, or turned ‘off’, by maturation of MA or other mechanisms, to allow

MA to perform other functions (118, 123).

The matrix protein of M-MuLV has not been extensively investigated to
date, but several studies have indicated that it contains the M domain for Pr65%
(66, 69, 135, 149). Unmyristoylated Pr65%% proteins are not included in
assembling virus particles and are not correctly proteolytically processed (135,
143). Mutations and insertions in the amino-terminal region of MA impaired
correct membrane targeting and association of Pr65°% (69, 149), and did not

effect on envelope incorporation. M-MuLV MA was shown to be phosphorylated
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at tyrosine residues and inhibition of this phosphorylation also inhibited
integration of the provirus in infected cells (146). This and other genetic studies

(37) suggest that MA may play a role in late events of the M-MulLV life cycle

In contrast to M-MuLV MA, the MA of HIV-1 (p17) has been investigated
intensively in recent years and much of what is known about retroviral matrix
proteins comes from this work (33, 155). As outlined above, basic sequences in
the N-terminal portion of HIV-1 MA are essential for membrrane targeting and
association (120, 123, 177). In fact, the M domain from HIV-1 MA can replace the
M domain in several other viruses (40, 125, 177). HIV-1 The HIV-1 MA protein
also plays other roles in the life-cycle of the virus. Mutations in HIV-1 MA have
been shown to impair incorporation of envelope proteins into virus particles (34,
45,119, 162, 171). This effect has been proposed to be through a direct interaction
with the cytoplasmic tails of the viral TM proteins (53, 76, 172). The MA contains
a nuclear localization signal that maps to the same basic sequence important for
membrane binding (22) and has been shown to be a component of the
preintegration complex (23), which allows HIV-1 to infect non-dividing cells, and
may be involved in other processes in the late stage of infection (93). Recent
reports that HIV-1 MA interacts with cellular proteins support these findings (99,

127).

Structures of HIV-1 MA determined by NMR (105, 106) and X-ray
crystallography (74) as well as the related simian immunodeficiency virus (SIV)
MA (131), have been published (see Figure 4). These structures show MA

proteins forming a single, globular domain, composed mainly of alpha-helices,
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with flat, basic faces on one side which is thought to be oriented toward the
membrane. Trimerization of MA is further supported by a study by Morikawa, et
al., which shows that MA preferentially forms trimers in solution and that this
phenotype can be blocked by mutations in MA (113). This and other studies (26,
54,112, 159) suggest a role for the MA }‘;rotein in the assembly of PrGag,
although this notion is not supported by studies showing that HIV-1 MA is
dispensable for virus particle assembly (15, 134, 162). The C-terminal tail of MA
is disordered in the structures which indicates that the regio;l between MA and

CA domains in PrGag may be flexible.
Capsid

The capsid protein forms the viral capsid, a shell which encloses the
ribonucleoprotein complex in the mature virus (124, 155, 164). Although large
deletions in the capsid domain of the Rous sarcoma virus (RSV) have been found
to be compatible with virus-like particle assembly (163), multiple studies have
shown that the CA proteins of both HIV-1 and M-MuLV play a significant role in |
virus particle assembly (52, 59, 155). In addition, in vitro assembly studies have
demonstrated that CA proteins can assemble into rod-like and spherical
structures (46, 67), suggesting that CA is involved in the formation of virion
structure. The major homology region (MHR) in CA, is a stretch of 20 residues
which.are highly conserved among nearly all retroviruses, and forms one end of
an assembly domain that stretches over the C-terminal portion of CA and into
the spacer region (p2) between CA and NC (2, 15, 43). Mutations in the MHR

have been shown to impair assembly (35, 104, 133, 152, 174) and mutations in the
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portion of capsid C-terminal to the MHR are also detrimental to assembly (62,
133, 151, 159, 174). In contrast, many mutations in the N-terminal portion of CA
are tolerated for assembly (133, 159), and deletion of large portions of the N-
terminal portion are compatible with particle assembly and release (15, 159, 160).
The organization of CA into functional domains is supported by structural
studies which show CA from several retroviruses to be broken into two domains
(N and C) with a flexible linker region between them (57, 61, 85, 92, 110). In
addition to its role in assembly, CA is responsible for interac}ion with, and/or
incorporation of, viral and/or cellular factors, and for events in the “late” stage

of the replicative life cycle (52, 155).

The role of CA in the assembly of M-MuLV has been demonstrated by
several groups. The capsid domain was found to be essential for incorporation of
mutant Gag-B-galactosidase fusion proteins into wild-type (wt) virus particles
(89) and insertions in the N-terminal portion of CA were shown to inhibit mutant
Gag incorporation using the same system (69). Results from a two-hybrid type
protein interaction screen indicated that the C-terminal regions of CA, coupled to
NC, were sufficient to mediate protein dimerization, and that point mutations
and deletions in the C-terminal portion of CA were able to abolish these
interactions (5). Cysteine residues introduced into the MHR could be crosslinked
using cysteine-specific crosslinking agents, indicating that MHR's are close
together in immature virus particles (70). Other CA mutants also were shown to

abrogate virus particle assembly and release (4, 79).
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M-MuLV CA also is involved in the viral life cycle at points after assembly
and release of virus particles. M-MuLV CA mutants which were not
compromised in assembly, were found to be poorly- or non- infectious,
indicating they are blocked in some post-assembly function (4). These mutants
~ were found to contain normal amounts :)f RT and genomic RNA, but did not
synthesize viral DNA, indicating that the replicative block is in viral entry or
uncoating of the RT complex (4). Another important role of M-MuLV CA in the
late stages of infection is played in the Fvl host restriction sygtem. Members of
the murine leukemia subfamily can be grouped based on their ability to replicate
in the presence of a host restriction system encoded by the Fv1 locus, which is
either N- or B- type (88). A single amino acid in MuLV CA determines whether
the virus has N-, B-, or NB- cell tropism (41). Fv1 restriction appears to act at a
stage in infection following reverse transcription but prior to integration (128).
This is supported by the finding that CA is present in M-MuLV pre-integration
complexes (16). The Fvl gene appears to be derived from the gag gene of an
endogenous retrovirus (14), but the significance of this finding has not been

established.



Chapter 1: Introduction 20

SiV matrix monomer

HiV-1 mpsid HiV-1 capsicl
N—fermir\al domain C—’rermi:r\al domain EIAV capsid
dimer dimer
monomenr

g

. . Ly l y
HiV-1 nucleocapsid ‘:} Ml i S

Figure 4. Structures of Gag-derived proteins.

Shown are X-ray and NMR derived structures of Gag domains from several retroviruses. All
structures have been rendered with RasMol 2.5 as ribbon diagrams or a space filling model (M-
MuLV NC structure) and are shown with N-termini up and C-termini down (approximately),
colors are blue (N-termini) to red (C-termini) or are solidly colored (HIV-1 CTD dimer and SIV
MA monomer). At top left is the crytal structure of HIV-1 MA protein trimer (PDB #1HIW; 74)
followed by the SIV matrix monomer (PDB #1ED1; 131). Middle left, the crystal structure of the
HIV-1 capsid N-terminal domain dimer (PDB #1AFV; 110), middle, the HIV-1 capsid C-terminal
domain dimer (PDB #1AM3; 57) and, right, a monomer of the EIAV capsid protein (PDB #1EIA;
85). Bottom left, the NMR structure of the HIV-1 nucleocapsid domain (PDB #1MFS; 154) and,
right, NMR-derived structure of M-MuLV nucleocapsid domain (PDB #1A6B; 39).
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The capsid protein of HIV-1 also plays an important role in virus particle
assembly. A study employing Gag-p-galactosidase fusions showed that the CA
domain was essential for incorporation of the mutant PrGag into wt particles
(161). A similarlcomplementation study further mapped this activity to the C-
terminal portion of the CA domain (27),}and a short peptide corresponding to a

'C-terminal sequence was able to inhibit assembly of wt virus particles (117).
Deletions, insertions and mutations made in the N-terminal domain of HIV-1 CA
had little or no effect on virus particle assembly (133, 151, 15§, 174). Conversely,
many mutations in the C-terminal domain of CA were found to significantly
impair assembly (43, 91, 104, 133, 151, 174). The MHR and C-terminus of CA

were also found to be important for the incorporation of Pr160*¢** into virus

particles (80, 151).

Similar to M-MuLV CA, a number of mutations in the CA domain,
especially the N-terminus and MHR, which did not affect assembly, were
blocked in a post-assembly proéess (104, 133). Unlike M-MuLV, there is no
evidence that HIV-1 CA is associated with pre-integration complexes (49). HIV-1
CA has been shown to specifically direct the incorporation of cyclophilin A
(CypA) into virus particles via a proline rich binding loop in the N-terminal
domain (18, 50), and abrogating this interaction imposes a block in capsid
uhcoating before reverse transcription in certain strains of HIV and SIV (18, 103).

A number of high resolution structures of retroviral capsid proteins and
fragments have recently been made available (see Figure 4); structures of the

HIV-1 CA N- and C- terminal domains individually (56, 57, 61, 110), as well as
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the full-length CA protein (11), have been solved by X-ray crystallization
techniques, or multidimensional NMR techniques; structures of HIV-1 and M-
MuLV MHR peptides have been solved by NMR (29, 30); the full-length
structure of the equine infectious anemia virus (EIAV) CA protein has been
determined by X-ray crystallography (85)),; and the full length structure of HTLV-
1 CA has been solved by NMR (92). All of these studies show CA as a protein
with two well defined alpha-helical domains joined by a flexible linker. In all the
X-ray structures, except that of the full length HIV-1 CA, the ’N- and C- terminal
domains form homodimers. In the structures of the C-terminal domains and the
MHR peptide analog structures, the MHR adopts an alpha-helical conformation
which is involved in creating a hydrogen bonding network with the other alpha-
helices in the domain that stabilizes the core of the C-terminal domain (11, 57, 85,

92).
Nucleocapsid

The nucleocapsid domain is responsible for binding and encapsidation of
viral genomic RNA (8, 158). Nucleocapsid proteins from every retrovirus except
those in the spumavirus group have one or two copies of a cysteine-histidine
motif following the pattern, CX,CX,HX,C (158), which are similar to zinc-finger
motifs and have been shown to tightly bind Zn"* ions (13, 154). There is one such
motif in the NC of M-MuLV and two in that of HIV-1, and mutations in both
have been shown to impair incorporation of viral genomic RNA (3, 28, 44, 107,
176). Although the mechanism remains unclear, NC seems to provide specificity

for viral RNA (9, 10, 64, 176). Other studies have indicated other roles for NC, by
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showing that the NC protein is capable of promoting dimerization of the viral
genomic RNAs, can expedite the reverse transcription reaction by assisting in
annealing of the primer tRNA to template and promoting strand transfer of RT,
and may contribute to genetic variability (6, 52, 63, 132, 137, 138).

The nucleocapsid also is important in virus particle assembly. Deletions in
NC, especially deletions in the N-terminal portion, have been shown to
significantly impair virus particle assembly (60, 77, 78), indic;:lting the presence of
an assembly domain in this region. These results are corroborated by findings
that mutations in the N-terminal basic domain of NC (12, 17, 175), as well as in
other regions of NC (109, 122), could severely diminish particle assembly.
Suprisingly, replacement of the NC with a heterologous protein oligomerization
domain was compatible with efficient assembly (175). In addition, nucleocapsid
may be involved in the determination of particle size, since mutations in NC
produced proteins which assembled particles with a lower-than-normal density
(7). Additionally, HIV-1 NC has recently been found to interact with actin (101)
which might have implications for transport and assembly of PrGag. Structures
of both the HIV-1 (111, 154) and the M-MuLV (39) NC domains have been
determined (see Figure 4) and have a compact, folded structure in the presence

of zinc ions (154).
Other Gag Proteins

The remaining domains, p12 in M-MuLV, and p6 in HIV-1, both appear to

act late in the assembly process during particle budding from the membrane (52,
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65, 125, 155, 173). Sequences responsible for this function, the late or L domain,
are short, proline-rich, motifs, often containing the amino acid sequence PPPY,
can be found in various locations in a number of different retroviruses (155, 173).
The functionality of these motifs has been found to be interchangeable between
retroviruses and is positionally indepeni:lent (125). Mutations in the L domain
produce a phenotype in which Gag proteins assemble normally and begin to bud
through the membrane, but are trapped just prior to particle release from the cell.
surface (155). In the M-MuLV p12 domain, two copies of a PI;PY-type motif are
present (173), but HIV-1 contains no such motifs (125). However, deletion of the
p6 domain yields a phenotype similar to that found if the L domain is ablated in
a number of other retroviruses and this phenotype can be rescued by replacing
the p6 domain with an L domain from RSV (125). This function can be mapped to
a PTAP sequence at the N-terminus of the p6 domain (65, 80). Similar to other
Gag domains, both p12 and p6 have been shown to serve additional functions in
the viral life cycle. Mutants with deletions of the p12 domain were shown to be
blocked in at a stage in infection just prior to reverse transcription (173). The p6
domain of HIV-1 also is responsible for directing incorporation of the viral Vpr
accessory protein (52), and a mutant in the C-terminal portion of p6 was shown

to block incorporation of HIV-1 envelope proteins into particles (121).

Virus Particle Assembly
Production of an infectious retroviral particle requires the coordination of
a number of different components and their assembly into a complex,

macromolecular structure. Viral envelope proteins, genomic RNA, replicative
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proteins and other accessory proteins, both viral and cellular, must be
incorporated into the structure in a highly regulated fashion and this
organization must occur in an appropriate location for the release of the virus
particle (52, 158). In many viruses, and certainly in retroviruses, the structure of
the assembled virion is not static. In order to generate an infectious particle the
assembled, immature virus particle undergoes a maturation process involving a
significant rearrangement of protein contacts and a corresponding change in

particle morphology from immature to mature (36, 87, 155, 157).

In retroviruses the Gag polyprotein is responsible for the generation of the
virus particle structure (36, 155). Formation of this structure requires regular and
repeated interprotein contacts between Gag proteins termed assembly or I
domains (167). Knowledge about retroviral assembly and the structure of
assembled virions comes from a number of sources. Most information comes
from genetic studies in which the gag gene is modified then used to express
viruses which are analyzed for particle release, content, and/or infectivity (36,
155, 167). Similar approaches have been used in biochemical studies of particle
structure (70) and for in vitro assembly of virus particles (24, 25, 46). In addition
electron microscopy (EM) has been employed to examine particle morphology
(59, 95, 124) as well as the substructure of the virus (55, 58, 116, 170). Efforts to
elucidate high-resolution structural information from EM or X-ray of entire
particles, as has been done with other viruses (86), have been hampered by the
fact that retroviruses exhibit markedly heterogeneous morphology (158). Finally,
high-resolution structures of individual Gag proteins (see Figure 4) have been

determined by X-ray and NMR methodologies (11, 29, 39, 48, 56, 57, 61, 74, 85,
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105, 106, 110, 131), but as yet have not been well correlated with information

from genetic-based assays or with the higher-order structure of the virus.
Assembly Domains

As discussed in previous sections, delineation of assembly domains
within Gag has been approached using deletions and mutations in particle
release assays as well as complementation-type incorporatior’l assays. In regards
to HIV-1, the primary assembly domain begins with the MHR, spans the C-
terminal portion of CA into the N-terminal portion of NC and includes the p2
domain (2, 12, 15, 91, 96, 104, 151, 159-161, 174, 175). Evidence from M-MulLV,
although not as extensive as that in HIV-1, also points to a similar assembly
domain (4, 5, 62, 69, 70, 79, 89). It also has been shown by chemical cross-linking
that the MHR'’s of adjacent M-MuLV capsid proteins are in close proximity to
each other in immature virus particles (70), supporting the notion that these

regions interact closely inside immature virus particles.

Another assembly domain has been proposed in HIV-1 matrix domain.
Mutations and deletions in this region have been shown to impair assembly
while retaining appropriate membrane targeting and association properties (26,
54,112, 159). In addition, mutations in this region have been shown to impair
trimerization of MA and MA—CA proteins in vitro (113). However, several studies
have shown that deletion of the majority of the MA domain is compatible with
production of virus particles (15, 134) that maintain infectivity when

pseudotyped with a heterologous envelope protein (162). These results suggest
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that the MA assembly domain may not be critical for generation of appropriate

virion structure.
Maturation and Assembly

Maturation of the virion is a temporally as well as spatially regulated
process. The cleavage of PrGag occurs in a temporally ordered fashion regulated
by the accessibility of the cleavage site to the protease, seque;lce of the cleavage
site, and other factors (155, 157). In several retroviruses the spacer peptide
between the CA and NC domains, SP1, has been shown to be cleaved at the
junction adjacent to the NC domain much faster than at the junction adjacent to
the CA domain (155, 157). In HIV-1, this regulation is essential for proper particle
assembly (68, 96, 126), indicating that the CA-SP1 intermediate may represent a
step in assembly distinct from the fully immature (PrGag) or the fully mature
(CA) stages. Processing of the N-terminal portion of the HIV-1 CA domain has
also been shown to induce a conformational change in structural studies (48,

145).

In HIV-1 the cellular peptidyl-prolyl isomerase cyclophilin A (cypA) is
incorporated into virions via interactions with a proline-rich loop in the N-
terminal domain of the capsid protein (32). Incorporation of cypA into virions is
important for virus infectivity, possibly through the action of the cypA as a
destabilization factor for capsid uncoating (32). Blocking incorporation of cypA

into virions by treating producer cells with the drug cyclosporine has been
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shown in some studies to block virus maturation (153), however other studies

report no such block (166).
In Vitro Assembly Systems

A recent advancement in the study of retroviral structure and assembly
has been the development of in vitro assembly techniques. Capsid-like structures
have been generated using PrGag from Mason-Pfizer monke'y virus (M-PMV)
produced in bacteria (94), HIV-1 PrGag produced in bacteria (25) or by a
reticulate lysate system (150), and using CA-NC from RSV produced in bacteria
(25). With both RSV and HIV-1, addition of RNA increased the efficiency of
assembly and induced the formation of hollow cylinders, the lengths of which
were dependent upon the length of the RNA used, indicating a role for RNA in
assembly (25). The importance of RNA in assembly was also suggested by
studies which showed that the presence of RNA regulated multimerization of
HIV-1 Gag proteins lacking the p6 domain as well as size of spherical particles
(24), although these results have been difficult to confirm in vivo. In HIV-1, the
CA domain by itself was shown to form spherical or cylindrical particles and
alterations in the ionic strength or pH (46), or extension of the N-terminus of CA
(67), promoted formation of spherical particles heterogeneous in size. HIV-1 CA-
NC was shown to form only tubular or conical structures when the spacer
peptide, p2, was deleted, suggesting proteolytic cleavage of this region from CA

during maturation may promote condensation of the core (68).
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EM Studies

Electron microscopy (EM) was one of the earliest methods used to study
the structure of retroviral particles but recent advances in in vitro assembly
systems and computational techniques have greatly advanced its power. At the
gross level, EM and immuno-gold labeling EM have been used to identify
placement of viral antigens in immature and mature virus particles (21, 59, 76,
124), to examine the effects of mutations on the structure of the virus particles
(81, 95), and to examine structures formed in the in vitro assembly systems
discussed above. Some EM studies have suggested that retroviruses display
icosahedral symmetry (21, 115, 116) but this assertion has not been supported by
evidence showing that retrovirus particles are pleomorphic and seem to lack of
icosahedral symmetry (55, 170). Isolated core structures from HIV-1 (164) as well

as in vitro assembled cores also have been characterized by EM (58).

In other virus systems virion structure was identified at a high enough
resolution to be able to identify subunit structure and even atomic level protein-
protein contacts that form the structure of the virus itself (86, 87, 100). Due to the
caveats listed above, high-resolution structural determination has not been
possible with retroviruses. Instead, structural information has been gleaned from
very low-resolution studies, i.e. EM of entire virus particles, and very high
resolution structures, i.e. X-ray and NMR structures. In HIV-1 Gag proteins
assembling on insect cell membranes were analyzed by EM and computer image
processing (116). These results showed Gag in a “fullerene-like” arrangement,

with protein units forming five or six membered rings that share a unit with the
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neighboring ring, spaced at about 68 A. These results have been corroborated by
cryo-EM studies of HIV-1 virus-like particles (55). Cryo-EM and computer image
processing also were used to show that immature M-MuLV virions exhibit a
paracrystalline, non-icosahedral packing of Gag-RNA complexes, which are
spaced at 45 A intervals and are approx{mately 200 A in length (170).
Conclusions from these studies indicate that immature retrovirus particles are

not icosahedral but do exhibit local, paracryétalline order.
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ABSTRACT

To analyze contacts made by Moloney murine leukemia virus (M-MuLV) capsid
(CA) proteins in immature and mature virus particles, we have employed a
cysteine-specific crosslinking approach which permits the identification of
retroviral Gag protein interactions at particular residues. For analysis, single
cysteine creation mutations were made in the context of protease deficient (PR-),
or PR+ parental constructs. Cysteine creation mutations were chosen near the N-
and C-termini of CA, and at a site adjacent to the M-MuLV glu-ala Fvl N/B host
range determination sequence. Analysis of immature virions showed that PrGag
proteins were crosslinked at C-terminal CA residues to form dimers while
crosslinking of particle-associated N-terminal and N/B region mutant proteins
did not yield dimers, but showed evidence of linking to an unknown 140-160
kDa partner. Analysis of ﬁature virions demonstrated that both N- and C-
terminal CA residues participated in dimer formation, suggesting that processed
CA N- and C-termini are free to establish interprotein associations. Interestingly,
N/B region mutant residues in mature virus particles did not crosslink to form
dimers, but showed a novel crosslink band, consistent with an interaction

between the N/B tropism determining region and a cellular protein of 45-55 kDa.

INTRODUCTION

The core (Gag) protein of the Moloney murine leukemia virus (M-MuLV)

is the primary determinant of virus particle structure and expression of Gag has
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been shown to be necessary and sufficient for the formation and release of
immature virus particles (Craven and Parent, 1996). Gag is synthesized as a
myristoylated polyprotein precursor, Pr65%8, which is cleaved by the viral -
protease (PR) during or after budding to yield the mature viral proteins matrix
(MA), p12, capsid (CA) and nucleocaps;d (NC) (Barbacid, Stephenson, and
Aaronson, 1976; Bolognesi, Luftig, and Shaper, 1973; Stephenson, Tronick, and
Aaronson, 1975). The Gag protein is delivered to the plasma membrane by an
undetermined mechanism (Swahstrom and Wills, 1997), assembles there, and
buds from the cell to yield a roughly spherical virus particle of approximately
125 nm diameter (Yeager et al.l, 1998). The MA protein is myristoylated at its N-
terminus, associates with membranes, and may interact with the cytoplasmic tail
of the viral transmembrane (Env) protein (Swanstrom and Wills, 1997). The role
of the p12 domain is not well understood, however deletion of most of the
domain does not substantially effect virus particle assembly (Barklis et al., 1997;
Crawford and Goff, 1984). The NC protein specifically binds viral genomic RNA
and is required for RNA encapsidation as well as serving a function in the viral
assembly process (Campbell and Vogt, 1995; Gorelick et al., 1988; Hansen and
Barklis, 1995). The CA domain of M-MuLV has been shown to be important in
virus particle assembly (Hansen ef al., 1990; Jones et al., 1990; Lobel and Goff,
1984) and budding, as well as playing a role early in infection (Alin and Goff,
1996). Contained in the CA domain are the major homology region (MHR), a
region.of 20 to 30 residues which is the only highly conserved sequence among
retroviral capsid proteins (Craven ef al., 1995; Mammano et al., 1994; Strambio-
de-Castillia and Hunter, 1992), as well as the N/B locus, the determinant of

murine C-type NIH/BALB/c (N/B) cell tropism (Brown, 1997; Weiss et al., 1984).
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Although it is clear that mutations in the CA domain can effect M-MuLV
particle assembly and release from cells (Hansen et al., 1990; Jones et al., 1990;
Lobel and Goff, 1984), the exact role of the CA domain in the assembly process
remains largely unknown. Studies on PfIV-l have shown that the carboxyl
terminus of CA is important for virus particle assembly (McDermott ef al., 1996;
Reicin et al., 1995) but much of the N-terminal portion is dispensable for virus
particle assembly (Borsetti et al, 1998; Wang et al., 1994). In Rous sarcoma virus,
the essential assembly domains that have been mapped lie outside the CA
domain (Swanstrom and Wills, 1997; Weldon and Wills, 1993; Wills et al., 1994).
Both the N- and C- terminal portions of the HIV-1 CA have been crystallized as
dimers (Gamble et al., 1997; Momany et al., 1996), and recent biophysical studies
have revealed some details concerning Gag-Gag interactions of HIV-1 (Barklis et
al., 1998; Campbell and Rein, 1999; Fuller et al., 1997; Ganser et al., 1999; Scarlata,
Ehrlich, and Carter, 1998), Rous sarcoma virus (Campbell and Vogt, 1995;
Campbell and Vogt, 1997; Kovari et al., 1997), and M-MuLV (Barklis et al., 1997;

Yeager et al., 1998), but the specific residues involved in interprotein contacts

remain to be defined.

As a biochemical approach to examine interactions between CA proteins
in M-MuLV, we previously established a system for cysteine crosslink analysis of
proteins in M-MuLV virus particles (Hansen and Barklis, 1995). This system,
based on the work of others (Pakula and Simon, 1992; Pepinsky, 1983; Pepinsky
et al., 1980; Pinter and Fleissner, 1979), allows cysteine residues that are in close

proximity on adjacent proteins to be covalently crosslinked through the addition
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of cysteine-specific chemical crosslinking reagents such as molecular iodine or
bis-maleimido hexane (BMH). Cysteines located on the NC domain in immature
(Hansen and Barklis, 1995) and mature (Ott et al., 1998; Rein et al., 1996; Rein et
al., 1997) M-MulLV particles were efficiently crosslinked by cysteine-specific
crosslinking agents. In addition, we fou;ld that mutation of all five cysteines
present in M-MuLV Gag was compatible with immature virus particle assembly,
allowing us to conveniently examine the effects of cysteine creation mutations in
immature virions. In our current study, we also have designed an efficiently

processed viral construct, containing no CA or MA cysteine residues, so that CA

domain interactions can be probed in mature virus particles.

To probe capsid domain contacts, we have made cysteine creation
mutations in three different regions of the M-MuLV CA coding region in both
PR- and PR+ constructs: the N-terminal region of CA (G220C), the C-terminal
region of CA (5475C) and the N/B determining region (T323C; see Figure 1). We
observed that in immature virus particles, G220C proteins did not form
crosslinked dimers, but $475C proteins did. In contrast, in mature virions, both
N- and C-terminally modified proteins crosslinked efficiently to form dimers
suggesting that during viral maturation, the N-terminal portion of CA is
reoriented so that it can interact with neighbor molecules. Additionally, cellular
pfoteins of 140-160 kDa and 45-55 kDa were identified as CA crosslink partners
in immature and mature M-MuLV particles, respectively. These proteins may
represent cellular factors which actively participate in the M-MuLV replication

cycle.
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RESULTS

Assembly of immature and mature virus particles.

To study M-MuLV virus particle} assembly and structure, we have
employed a COS cell-based transient transfection system. The vectors used for
transfection were based on the parental construct pXM which carries an SV40
origin of replication that allows replication of the plasmid in COS cells, and the
adenovirus major late promoter, which fosters high levels of transcription
initiation in COS cells. Our parental PR- construct (pXM2453) deletes M-MuLV
pol and env regions and directs the expression of immature virus particles
(Hansen and Barklis, 1995). Our wild type (wt) construct (pPXMGPE) expresses all
three M-MuLV genes (gag, pol and env) and directs expression of mature M-
MuLV particles. Two other parental constructs were employed routinely. These
were PR-Cys-, which assembles immature virions in which all five gag cysteine
codons were converted to serines (Figure 1; Hansen and Barklis, 1995), and
MA+CACys-, a PR+ (pXMGPE) variant in which the MA and CA cysteine
codons (Figure 1) have been converted to serines. Other pertinent mutations
were cysteine creation mutations near the N-terminus of the CA domain
(G220C), near the CA C-terminus (5475C), at the N/B determining region
(T323C), and a previously studied major homology region (MHR) double
mutation E370C/K373C (Hansen ;cmd Barklis, 1995; see Figure 1). The double
mutation was expressed on a PR-Cys- background to yield PR-Cys-

" E370C/K373C, while the G220C, 5475C and T323C mutations were expressed in

both PR-Cys- and MA+CACys- (but PR+) contexts, giving PR-Cys-G220C, PR-
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Cys-5475C, PR-Cys-T323C, MA+CACys-G220C, MA+CACys-5475C, and

MA+CACys-T323C.

For assembly analysis, cell lysate and pelleted media supernatant samples
were collected three days post—transfect)ion, and gag-derived proteins were
separated by SDS-PAGE and detected by immunoblotting (see Materials and |
Methods). As can be seen from Figure 24, all PR- constructs were released
efficiently from cells as indicated by comparison of Pr65° levels in the viral
supernatants (lanes A-F) versus cell lysates (lanes H-M). The PR+ constructs also
directed the efficient release of Gag proteins from cells. As expected (Figure 2B),
wt, MA+CACys-5475C, MA+CACys-T323C, and MA+CACys-G220C Pr65%%* and
CA proteins were detected readily in media samples (lanes A-D), while only
Pr65“% proteins were observed in cell samples (lanes F-I). Note that for the
MA+CACys-5475C mutant, a gag-derived 40 kDa media band was observed
(lane B) about 80% of the time with the anti-CA antibodies, Hy187 and the
polyclonal anti-CA. Since this band was not observed with the anti-p12 antibody
Hy548 in virus particles (data not shown) it may represent an incomplete CA-NC
cleavage product. That media supernatant Gag proteins were particle-associated
was suggested by the fact that they sedimented through sucrose cushions at
clearing rates consistent with sedimentation coefficients of >120S and with

densities of 1.15-1.18 g/ml (Hansen and Barklis, 1995; data not shown), as

expected for virus particles.
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Crosslink analysis of immature virus particles.

To test the proximity of CA domain cysteine residues in Pr*® proteins in
immature M-MuLV virus particles we utilized our established crosslinking
protocol (Hansen and Barklis, 1995; Mcbermott et al., 1996). Briefly, unique
cysteine residues on adjacent molecules will not form covalent crosslinks if the
cysteine residues are separated by too great a distance, when treated with
membrane-permeable, cysteine-specificAcrosslinking agents such as molecular
iodine (maximum crosslink distance approximately 5 A) or BMH (maximum
crosslink distance approximately 15 A). In contrast, adjacent molecules with
cysteines in close proximity may form covalent crosslinks that can be detected
after gel electrophoresis and immunoblotting. As shown in Figure 3, when PR-
virions lacking both pol and env gene products, were mock-treated, the expected
Pr65%* band was detected with anti-p12 antibodies (lane F). However a parallel
crosslinked sample (lane E) gave the 65 kDa band plus a 130 kDa dimer product,
consistent with previous observations (Hansen and Barklis, 1995), demonstrating
Pr65°8 crosslinking via NC cysteine residues. As expected, crosslink treatment of
the PR-Cys- mutant particles showed only a trace of a band at 130 kDa (lane C;
discussed below), consistent with the specificity of BMH for preferential
crosslinking at cysteine residues. Results from crosslink treatments of PR-Cys-
E370C/K373C particles also agreed with previous results, showing no dimer
band, but instead a crosslink product at about 190 kDa (Figure 3, lane A). Neither
the N-terminal PR-Cys-G220C nor the PR-Cys-T323C mutant particles gave
Pr65%* dimer bands upon crosslinking (lanes I and K), but each showed crosslink

bands at 190 kDa, similar to that seen for PR-Cys-E370C/K373C. In contrast,
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crosslinking of PR-Cys-S$475C particles, which carry single Pr65%* cysteines near
the C-terminus of the CA domain gave a band which comigrates with Pr65%%
dimers (lane G), suggesting that C-terminal CA domains are in close proximity in

immature M-MulLV virions.

Although the results shown in Figure 3 were observed in almost all
experiments, it is important to point out that experiment-to-experiment
variations were observed. While PR- showed Pr65° crosslink dimers in 18 of 18
experiments with three different antibodies (Table 1), it also showed evidence of
a 190 kDa band at least once. As noted above, a faint dimer band was seen on
BMH treatment of PR-Cys- particles (Figure 3, lane C). Faint dimers were
observed in 36% of our experiments using two different antibodies: we assume
that such dimers resulted from maleimide side reaction with histidines and
primary amine groups, which can occur at low levels at pH 7.4-7.5 (Smyth,
Blumenfeld, and Konigsberg, 1964). We also observed some crosslinking
variability with PR-Cys-G220C, PR-Cys-T323C, PR-Cys-E370C/K373C, and PR-
Cys-5475C particles (Table 1). However, the general conclusions of Figure 3 were
supported‘ in multiple experiments. Specifically, the PR-Cys-5475C mutant
proteins showed 130 kDa bands 91% of the time, while the PR-Cys-G220C, PR-
Cys-T323C, and PR-Cys-E370C /K373C mutants gave 190 kDa bands 93%, 82%,
and 100% of the time, respectively. A crosslink band this size could represent a
Gag protein crosslinked to a cellular protein or, alternatively, a crosslinked Gag
trimer which seems unlikely since the band is observed with mutant Gag

proteins containing only one cysteine residue.
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Crosslink analysis of mature virus particles.

For crosslinking studies on mature virus particles, we employed a
parental MA+CA cysteine to serine construct (MA+CACys-), which does not
block proteolytic processing. The exper.{mental methods used for crosslink
analysis of mature virus particles followed those used for the immature virus
particles (see above). As shown in Figure 4, proteins from MA+CACys- particles
showed only Pr65°% and CA bands but no crosslinked bands (Figure 4, lanes A,
B) as expected. With mock-treated MA+CACys-G220C a 58 kDa band was
observed in addition to the Pr65% and CA bands (Figure 4, lane C). Since this
band also was detected with our anti-p12 antibody (Hy548; lane E) it is possible
that the band represents a processing intermediate, and may comprise the MA-
p12-CA domains. Notwithstanding the putative processing intermediate,
examination of the crosslinked G220C sample showed an additional 60 kDa band
(Figure 4, lane D), consistent with the creation of a CA-CA crosslink dimer. As
would be expected for a strictly CA-derived moiety, the 60 kDa band wés not
detected with the anti-p12 antibody (lane F), supporting the notion that the band
corresponds to a CA-CA dimer. In the case of the MA+CACys-5475C mutant, we
faintly observed the uncrosslinked 40 kDa band (Figure 4, lane G) which appears
to correspond to a CA-NC processing intermediate (as in Figure 2). In lane H, an
additional crosslink band at 62 kDa was dbserved. This 62 kDa band was not
detected with the anti-p12 Hy548 antibody (data not shown), suggesting that it
also represents a CA-CA dimer, which migrates slightly differently than the
apparent G220C CA-CA dimer, possibly because of its different crosslink site.

While the MA+CACys-G220C and 5475C variants showed putative CA crosslink



Chapter 2: Crosslink Analysis of M-MutV Capsid Protein o4

dimer bands, the MA+CACys-T323C crosslink pattern was quite different. As
shown (Figure 4, lane J) a faint 60 kDa dimer may be evident, but the prominent
crosslink bands migrated at 75 and 80 kDa (arrows).

As with the PR- crosslinking resu}lts (Figure 3; Table 1), although the
crosslink results with mature virus particles were generally reproducible, some
variability was observed (Table 2). Nevertheless, with the MA+CACyS-G220C
mutant, the 60 kDa putative dimer band was observed nearly 90% of the time.
While less consistent, the putative MA+CACys-S475C CA dimers were observed
nearly two-thirds of the time, and MA+CACys-T323C 75-80 kDa bands were
seen in three quarters of the experiments. In contrasf, with the wt construct, 60,

62, 75, and 80 kDa bands were observed less than 10% of the time (Table 2).

Both the 75 and 80 kDa crosslink bands were observed after iodine-
mediated crosslinking (data not shown), supporting the notion that interacting
cysteines were close enough to form disulfides. During follow-up studies with
reducible cysteine-specific crosslinking agents, we found that formation of
reducible Gag protein crosslinks could be induced simply by particle treatment
with DMSO, which often is used to solubilize membrane permeant crosslinking
agents. The crosslinking potential of DMSO has been reported previously (Tam
et al., 1991), and is consistent with reports of its oxidizing capabilities. To
ascertain DMSO crosslink effects on mature virions, particles were treated with
DMSO and then either reduced (Figure 5, lanes A to D), or not reduced (lanes E
to H), fractionated by SDS-PAGE and immunoblotted to detect Gag proteins. For

wt M-MuLV mature virus particles, no crosslinking was detected with DMSO
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(compare Figure 5, lanes A and E), as expected from BMH results (Figure 4) and
indicating that the natural capsid cysteine residues (C270; Figure 1) are not in
close proximity on neighbor molecules. In contrast to the wt results, but in
concert with comparable BMH results (Figure 4), MA+CACys-G220C proteins
showed the putative CA dimer band at )60 kDa (Figure 5, lane F) and putative 62
kDa MA+CACys-5475C dimer bands were also observed (Figure 5, lane H).
Furthermore, one CA crosslink band was present at 75-80 kl?a in the treated
MA+CACys-T323C mutant lane (Figure 5, lane G), consistent with the
appearance of a single 80 kDa crosslink product, or the comigration of the 75 and
80 kDa species seen in Figure 4. From these data it appears that MA+CACys-
G220C, T323C and $475C crosslink partners are within 5 A of each other. Since
BMH samples were run under reducing conditions (Figure 3 and 4), it also
would appear that BMH either reacts with cysteines more quickly than its
solvent, DMSO, or that DMSO-induced disulfides can exchange with BMH to

form non-reducible crosslinks.

. Based on the size of the MA+CACys-T323C crosslink bands and amounts
of Pr65%* present in virus particle preparations, it was possible that the 75-80
kDa bands could represent fast-migrating crosslinked Pr65°8-CA species. To test
this hypothesis, MA+CACys-T323C controls (Figure 6, lanes B-D, F-G) and BMH
érosslink samples (Figure 6, lanes A, E) were electrophoresed and blotted in
parallel with anti-CA antibody (Hy187, lanes A-D) or with anti-p12 antibody
(Hyb548, lanes E-H). The 75 and 80 kDa bands were detected with the anti-CA but
nét anti-p12 antibody (Figure 6, lane A versus E) indicating that the 75 and 80

kDa bands did not derive from Pr65“* crosslinks. We also performed parallel
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crosslink immunoblots with anti-actin, anti-tubulin, and anti-PDI (protein
disulfide isomerase) antibodies. These experiments were performed because
HIV—l Gag proteins have been shown to interact with cytoskeletal proteins (Ott et
al., 1996; Perrin-Tricaud et al, 1999; Rey et al, 1996; Wilk et al, 1999) while PDI,
which catalyzes protein disulfide forma;tion and exchange, could be postulated to
associate with cysteine residues on mutant proteins. Nevertheless, actin, tubulin
and PDI antibodies did not bind to the 75-80 kDa MA+CACys-T323C crosslink
bands (data not shown), suggesting the existence of alternate crosslink partners

in these virions.
DISCUSSION

In this paper, we describe the crosslink analysis of M-MuLV capsid
proteins in mature and immature virus particles. These experiments were
undertaken to complement structural models derived from in vitro studies.
Although previous crosslinking studies have been employed successfully to
examine viral protein interactions (Pepinsky, 1983; Pepinsky et al., 1980; Pinter
and Fleissner, 1979), we chose the cysteine crosslinking approach to avoid
complications in interpretation arising from using amine-specific crosslinking
agents which can react with a large number of residues present in M-MuLV Gag.
N evertheless, as with other crosslinking methods, the composition of crosslink
bands-has been inferred from gel mobilities, and interpretations must be
considered with this caveat in mind. Because our approach requires making
mutations on PR-Cys- and MA+CACys- parental constructs, some results may

not be pertinent to wt constructs. Additionally, the PR~ construct does not



Chapter 2: Crosslink Analysis of M-MulV Capsid Protein a7

express pol and env gene products, an alteration which may disrupt the internal
structure of immature virions. Since we have not performed electron microscope
analyses of virus particles produced from transiently transfected cells, we do not
know whether some mutants might show morphologies which are visibly
different from their wt counterparts. Hc;wever, the PR-Cys- and MA+CACys-
Gag proteins directed the efficient assembly of particles with apparently normal
masses and densities (Figure 2; Hansen and Barklis, 1995; data not shown), and
the approach has been used previously to examine retrovirus particle structures
(Hansen and Barklis, 1995; McDermott et al., 1996). Thus, we believe our r’esults

are relevant to the analysis of immature and mature M-MuLV particles.

Our studies show that particle-associated wt PR- Gag proteins can be
crosslinked to form dimers (Figure 3). This finding is consistent with our
previous observations that Pr®% proteins in immature virions crosslink via the
NC zinc finger cysteines (Hansen and Barklis, 1995) and agrees with the previous
results showing that NC cysteines are targets for thiol reactive compounds (Ott et
al., 1998; Rein et al., 1996; Rein et al., 1997). We also observed that PR-Cys-5475C
proteins could be crosslinked to form dimers, suggesting that CA C-terminal
domains are closely associated in immature virions. In contrast, Pr65%% dimers
were not observed with the PR-Cys-G220C, T323C, or E370C/K373C mutants
(Figure 3). Instead crosslink bands from these mutants migrated with apparent
mobilities of 185-190 kDa on 7.5% gels, similar to our previous observations for
the PR-Cys-E370C/K373C mutant (Hansen and Barklis, 1995), as well as for the
other major homology region mutants PR-Cys-L369C and PR-Cys-E370C

(Hansen and Barklis, 1995). The observed 190 kDa band is approximately the size
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of three covalently linked Pr® monomers, but is seen with mutants containing
only one cysteine residue. This consideration is consistent with the crosslinking
partner being a cellular protein or with anomalous crosslinking of Pro
monomers to form trimers. We are attempting to generate a sufficient quantity of

>

the 190 kDa band to characterize this complex further.

Relative to immature virions, CA proteins in mature M-MuLV particles
showed different crosslink reactivities. While the natural CA C270 residues did
not mediate dimer formation in mature virions (Figure 4), BMH (Figure 4),
iodine (data not shown), and DMSO (Figure 5) treatments both yielded
MA+CACys—G220C and 5475C 60-62 kDa crosslink bands, which appear to
correspond to CA-CA dimers. Assuming that the 60-62 kDa bands represent bona
fide CA dimers, our results suggest that during maturation, capsid protein
interactions reorganize to permit dimer formation at both N- and C- termini. This
is consistent with the maturational conformation model proposed for HIV-1 in
which constrained Pr*® CA N-termini refold during proteolytic processing
(Schwedler et al., 1998) and previous crosslinking results in M-MuLV (Pepinsky,
1983) and in avian sarcoma and leukemia viruses (Pepinsky et al., 1980).
Structural studies on HIV-1 and EIAV have shown that these capsid proteins
crystallize as dimers (Gamble et al., 1997; Jin et al., 1999; Momany et al., 1996) with
higher order interactions forming the super-molecular particle structure. Our
data supports the idea that multiple and distant regions of the M-MuLV capsid
domain participate in close interprotein contacts in both the immature and

mature virus particle structures.
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In contrast to results with MA+CACys-G220C and S475C, the 75-80 kDa
T323C crosslink products do not appear to be simple CA dimers. Our evidence
suggests that the 75-80 kDa bands contain a CA moiety, but do not appear to be
composed of p12-containing Pr®® molecules (Figure 6). Conéeivably, these bands
could represent anomalously migrating} CA trimer bands, but crosslink trimers
are unexpected for monomers which carry only single cysteines. Based on
parallel immunoblot analysis, the MA+CACys-T323C crosslink partners do not
appear to be actin, tubulin, or PDIL. Furthermore the 75-80 kDa products would
seem too small to include env gene product, gp70, or viral reverse transcriptase
proteins. It is intriguing to speculate whether the MA+CACys-T323C crosslink
partner could be involved in the Fvl host-range restriction phenomenon. In this
regard, it is of interest that the predicted size of the Fvl N/B-related murine host
factor is about 52 kDa, and appears to correspond to a murine homolog of the gag
gene of the human endogenous retrovirus, HERV-L (Best et al., 1996). However,
while the 75-80 kDa MA+CACys-T323C crosslink products suggest that crosslink
partners are present at reasonably high levels in virus particles produced from
African green monkey (COS) cells, the Fv1 gene product appears to exert its
effects in target murine cells, despite very low levels of expression (Best ef al.,
1996). Consequently, for the present it is not clear how or if the MA+CACys-

T323C crosslink partners relate to Fvl restriction.
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MATERIALS AND METHODS

Constructs

The M-MulLV transient expression vector was derived from pXM (Yang et
al., 1986) which uses a simian virus 40 (5V40) origin of replication and
adenovirus major late promoter. Construction and sequencing of mutant vectors
followed standard protocols (Maniatis, Fritsch, and Sambrook, 1982). M-MuLV
was modified Ey the addition of 5" EcoRI and EcoRYV sites
(GAATTCGATATCAAGCTT) at the HindIIT (M-MuLV nt 563; (Shinnick, Lerner,
and Sutcliffe, 1981)) of pMov-Psi (Mann, Mulligan, and Baltimore, 1983) and
used to create pXMGPE which spans M-MuLV nt 566 to 7846 and expresses M-
MulLV gag, pol and env gene products. The protease deficient (PR-) transient
expression vector pXM2453 encodes M-MuLV viral nt 566-2453 and has a
termination signal downstream of nt 2453 and thus lacks both the pol and env
genes. Downstream junction sequences for both constructs are as follows:
pXMGPE, 5 TTIGGCAAGCTAGA 3, in Which nt 7840 from the 3" untranslated
sequence is underlined; pXM2453, 5 GGT AAG GTC ACC GCG GAT CCC CCT
TAA GTT AAC TTA AGG GCT GCA GGA ATT C 3, in which nt 2453 is
underlined and the termination codon in bold face. As previously described
(Hansen and Barklis, 1995), pXMGPE and pXM2453 were used as PR+ and PR-
templates for the introduction of cysteine-to-serine point mutations. All five
cysteine-to-serine point mutations, including C504S/C507S, previously described
(Gorelick et al., 1988), were cloned into the two parental vectors to yield
pXM2453 all cysteine to serine (pXM2453Cys- or PR-Cys-) and pXMGFPE all

cysteine to serine (pXMGPECys- or wtCys-). The sequences of these cysteine
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mutants, with the first nt of the sequence listed, the modified nucleotides in
boldface, and the codons where an amino acid was changed underlined, are as
follows: C39S (nt 723), 5 TGG GTT ACG TTC TCC ICT GCA 3’; C270S (nt 1419),
5" TGG GAC GAT AGT CAA CAG 37; C5045/C507S (nt 2123), 5 GAC CAG TCT
GCC TAC TCC AAA 3%; C517S (nt 2163), 5 AAA GATTCT CCC AAG AAG
CCT CGA 3" . In addition to the pXMGPE Cys- construct, we constructed a
pXMGPE capsid cysteine to serine construct (pXMGPECACys- or CACys-)
which contains only the C270S mutation. Additionally, a pXMGPE matrix plus
capsid cysteine to serine construct (pXMGPEMA+CACys- or MA+CACys-)

which contains the C39S and C270S mutations, also was made.

With regard to cysteine creation mutants, PR-Cys-E370C /K373C, has been
described (Hansen and Barklis, 1995). It introduces two cysteine residues in the
MHR region (E370C/K373C [nt 1722], 5 TTC CTA TGT CGA CTT TGC GAA
GCCTAT CGC ACG TAC ACT CCA TAT 3'). In addition to this cysteine
creation mutant, several others were made in the capsid domain: G220C (shown
from nt 1266), 5 CCC CTC CGC GCA TGC GGA AAC GGA 3’; T323C (shown
from nt 1566), 5 CGC CCA GAC AGG GAT TAC ACA TGT CCC AGG 3’; 5475C
(shown from nt 2031), 5" CAT AGA GAG ATG TGT AAG CTA TTG GCC 3.
These mutants were introduced into the parental constructs PR-Cys-, CACys-,

and MA+CACys-.

-
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Cell culture and viruses

COS1 and COS7 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum
(FCS), penicillin, and streptomycin. Cel}s were split 1:4 from confluent plates
onto 10-cm-diameter plates 24 h prior to transfections and were transfected with
16 _g plasmid DNA by the calcium phosphate precipitation method (Hansen
and Barklis, 1995). Three days post-transfection, cell lysates and supernatants
were collected as previously described (Hansen and Barklis, 1995). Cell-free
supernatants from transfected cells were centrifuged through 4-ml 20% sucrose
cushions at 83,000 X g (25,000 rpm in an SW28 rotor) for 2 h at 4° C. Virus pellets
were resuspended in phosphate-buffered saline (PBS; 9.5 mM sodium potassium
phosphate [pH 7.4], 137 mM NaCl, 2.7 mM KCl). Cells were rinsed twice with
PBS, collected in IPB (20 mM Tris-hydrochloride [pH 7.5], 150 mM NaCl, 1 mM
EDTA, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, 0.02% sodium
azide), vortexed 1 min, and centrifuged (13,700 X g, 4°C, 10 min) to remove
insoluble material. For protein gels, solubilized cellular lysates were mixed with
equal volumes of 2X sample buffer (12.5 mM Tris-hydrochloride [pH 6.8], 2%

SDS, 20% glycerol, 0.25% bromophenol blue) plus 5% B-mercaptoethanol (3-Me).

Sucrose density gradient fractionation of virus particles was performed as
previously described (Hansen and Barklis, 1995; McDermott et al., 1996). Briefly,
extracéllular virions were isolated by pelleting through sucrose cushions as
described above, after which they were applied to sucrose gradients consisting of

1.1 ml layers of 20, 30, 40, and 50% sucrose which had been allowed to mix by
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sitting for 1 h at 4°C. Gradients were centrifuged at 300,000 X g (50,000 rpm in an
SW50.1 rotor) overnight at 4°C and 400 pl fractions were collected from top to

bottom for analysis by immunoblotting as described below.

Protein and crosslink analysis

Protein samples were analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE, (Laemmli, 1970)). Unless otherwise stated,
electrophoresis was performed using an 7.5% or 10% SDS-PAGE gels.
Electrophoresis ordinarily was performed under reducing conditions which was
achieved by the addition of an equal volume of 2X sample buffer plus 5% 3-Me
(v/vFinal) to the protein samples. For non-reducing conditions B-Me was
omitted. After electrophoresis under standard conditions (Hansen et al., 1993;
Hansen et al., 1990; Hansen and Barklis, 1995; Jones et al., 1990; Laemmli, 1970;
McDermott et al., 1996) gels were electroblotted onto nitrocellulose filters and
proteins were detected using the western procedure previously described
(Hansen and Barklis, 1995). For size estimates, mobilities were plotted versus log
molecular weights of known size standards. For immunoblotting, primary
antibodies used were rat monoclonal antibody hybridoma cell supernatants anti-
M-MuLV p12%8 (Hy548) and anti-M-MuLV p30%° (Hy187) used at 1:10 dilutions
(Chesebro ef al., 1983); polyclonal goat anti-M-MuLV p30°* (National Cancer
Institute), used at a 1:4,000 dilution; mouse monoclonal anti-actin antibody
(Boehringer Mannheim) used at 1:2,000 dilution; mouse monoclonal anti-protein

disulfide isomerase (PDI; Affinity Bioreagents, Inc.) used at a dilution of 1:2,000,



Chanpter 2: Crosstink Analysis of M-MulV Capsid Protein 64

and mouse monoclonal anti-tubulin (Amersham) used at a dilution of 1:200.
Secondary alkaline phosphatase-conjugated antibodies were goat anti-mouse
immunoglobulin G (IgG; Promega) used at a 1:20,000 dilution and rabbit anti-

goat IgG (Boehringer Mannheim), used at a 1:10,000 dilution.

Iodine crosslinking of cysteine residues was performed as previously
described (Hansen et al., 1993; Pakula and Simon, 1992) and f\nalyzed by non-
reducing SDS-PAGE. For cross-linking with bis-maleimido hexane (BMH; Pierce),
BMH was prepared fresh as a 100 mM solution in dimethyl sulfoxide (DMSOQO,
Mallinckrodt). Viral samples were split into equivalent 100-pl fractions, treated
with BMH (1 ul of 100 mM BMH in DMSQ) or mock treated (1 pl of DMSQO),
vortexed gently, and incubated at room temperature for 1 h. Reactions were
terminated by the addition of 2X sample buffer plus f-Me to 5%, and the samples
were boiled for 3-5 min. For DMSO oxidation treatments (Tam et al., 1991), 1 ul of
DMSO was added to each 100 pl tube, vortexed gently and incubated at room
temperature. Reactions were terminated by the addition of 2X sample buffer

without B-Me followed by sample boiling for 3-5 min.
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TABLES AND FIGURES

Table 1. Observed crosslink bands for PR- constructs.

total # gels antibodies

construct crosslink band % time observed
PR- PrGag dimer 100 18
PrGag tetramer 17 18
220 kd 6 18
205 kd 6 18
190 kd 6 18
PR-Cys- PrGag dimer (faint) 36 14
190 kd 14 14
160 kd 7 14
PR-Cys- PrGag dimer 7 14
E370C/K373C 190 kd 93 14
PR-Cys-G220C  PrGag dimer 9 11
190 kd 82 11
PR-Cys-5478C  PrGag dimer 91 11
190 kd 9 11
PR-Cys-T323C .PrGag dimer 0 8
190 kd 100 8

187,548,CA
187,548,CA
548
548
548

548,CA
548
CA

CA
548,CA

548
187,548

187,548
548
548
548

Crosslinking reactions were performed as described in the Materials and Methods on immature
virus particles produced on transfection of cells with the indicated constructs. Crosslink bands
are designated as putative Pr® dimers or tetramers, or as apparent molecular masses of crosslink
species. The designation of “faint” for PR-Cys- Pr® dimers indicates that bands were detectable,
but at levels less than 10-25% of wt Pr® dimers. The total number of gels signifies the number of
independent crosslinking experiments; the percentage of time observed is based on the total
number of gels; and the antibodies column indicates the different antibodies that have been used
to detect a specific crosslink band.
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Table 2. Observed crosslink bands for PR+ constructs.

% time

Construct __ crosslinkband _ observed _ total # gels antibodies
wt PrGag dimer 40 25 187,548,CA

60 kd 8 25 187

62 kd 4 25 187

37 kd 4 25 187
MA+CACys-  PrGag dimer 15 g 187,548,CA
G220C 60 kd 89 27 187,CA

75 kd 4 27 187

40 kd 4 7 187
MA+CACys-  PrGag dimer 9 22 187,548
S478C 62 kd 64 22 187

60 kd 27 22 187

45 kd 18 22 187

75 kd 9 22 187

40 kd ' 22 187

37 kd 5 22 187
MA+CACys-  PrGag dimer 4 25 187
T323C 80 kd 76 25 8%

75kd 76 25 187

60 kd 24 25 187

50 kd 4 25 187

Crosslinking reaction were performed as described in Materials and Methods on mature virus
particles produced on transfection of cells with the indicated constructs. Crosslink bands are
designated as putative PrGag dimers and as apparent molecular masses of crosslink species. The
total number of gels signifies the number of independent crosslinking experiments; the
percentage time observed is based on the total number of gels; and the antibodies column
indicates the different antibodies that have been used to detect a specific crosslink band.



Chapter 2: Crosslink Analysis of M-Mul¥ Sapsid Protein n

< polyclonal anti-CA_____—>

cia szo czi'o T32|3 E37f){373s47 csoic_:‘s_' 7ICS17
1 131 215 324-5 357-378 478 538
I I V77 A LA 770 1
matrix pi2 capsid N/B MHR NC
X X X X
PR- Cys- 1 l o |
Yy L_Frlys |
PR+ f i f
MA+CA Cys- J
i i G _—
G220C e
X
T323c l )l( l I r'E?S' |'
e i( )f — K3.ap MA+CA Cys-
70C+ : F-Cys-
K373C (E+KJ -
S47%
f )f [ PrC¥- ]
$475C

Figure 1. Schematic diagram of M-MuLV Pr65°* protein. The M-MuLV Pr65%% protein consists
of four domains; matrix (MA), p12, capsid (CA, stippled lines), and nucleocapsid (NC), that are
cleaved by the viral protease (PR) during the budding process. The precursor polypeptide is 538
codons in length and the juncture codons are indicated. The five natural cysteines in Pr65 and
the five introduced cysteine mutations are indicated on the top bar with their respective gag
codon numbers. Within the capsid domain, the N/B tropism determination site is at codons 324
and 325 and the MHR includes codons 357 to 378. Antibody epitopes for hybridoma 548, which
binds the p12 domain, hybridoma 187, which binds near the MHR, and the polyclonal anti-CA
antibody, which binds to the capsid domain, are indicated at the top. Note that the parental
immature construct is protease-minus (PR-), and that mutations were constructed on a protease-
minus, cysteine-minus (PR-Cys-) parent (grey box). In contrast, the mature parent construct
eliminated matrix and capsid domain cysteines (MA+CACys-) but retained all NC cysteines
(black box). The parental immature and mature constructs as well as the individual cysteine
mutations are represented schematically with an X denoting a naturally occurring cysteine that
has been removed and a C (preceded by the mutation designation) representing a cysteine
creation. Specific cysteine creation mutations use a letter-number-letter nomenclature, where the
first letter indicates the wt residue, the number corresponds to the gag codon number, and the
second letter indicates the newly created amino acid residue. Grey or black boxes associated with
each construct denote whether the cysteine creation was expressed in a PR-Cys- or MA+CACys-
context, or both.
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A. ABCDEFG HI JK L
PrGag—
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Figure 2. Expression and release
of mutant Gag proteins. (Panel
A) As described in the Materials
and Methods, virus particle (lanes
A-F) and cell lysate (lanes H-M)
samples were collected from cells
transfected with the following
protease-minus (PR-) pXM2453
vectors: wt PR- (lanes A, H), PR-
Cys- (B, ), PR-Cys-E370C/K373C
(C)), PR-Cys-G220C (D,K), PR-
Cys-5475C (E,L), PR-Cys-T323C
(F,M). Samples were subjected to
SDS-PAGE and electroblotted,
and Gag proteins were detected
with the anti-p12 antibody Hy548.
The protein size standard (faint) is
in lane G, and the Pr65%8 band is
indicated. (Panel B) Virus particle
(lanes A-D) and cell lysate (lanes
F-I) samples were collected from

. LM o e cells transfected with the
CA— Siirumee sonr e > U357 s following pXMGPE (PR+) vectors:
: =2 b wt (lanes A, F), MA+CACys-

5475C (B, G), MA+CACys-T323C
(C, H), MA+CACys-G220C (D, 1).
Samples were fractionated and
immunoblotted as above, except
the anti-CA antibody Hy187 was
employed. The protein size
standard appears faintly in lane E,
and Pr65°% and CA proteins are
as indicated.

Figure 3. Crosslinking of M-MulLV ABCDEFGHIJKL

protease-minus Gag proteins. Immature = -

virus particles produced by constructs -

PR-Cys-E370C/K373C (lanes A, B), PR- . —_ -

Cys- (C, D), PR- (E,F), PR-Cys-S475C (G, Climer

H), PR-Cys-G220C (1, J), and PR-Cys-

T323C (K, L) were mock treated (lanes B,

D, F, H, ], and L) or treated with BMH

(lanes A, C, E, G, I, and K), as described

in Materials and Methods, to crosslink

neighboring cysteine residues. Samples  pr(Gg g e

were subjected to SDS-PAGE and
electroblotted, and Gag proteins were
detected with the anti-p12 antibody
Hy548. Pr65%¢ proteins and the putative
Pr65% homodimers are indicated. The
arrow denotes the putative heterodimer
crosslink band for lanes A, I, and K.

= "H"] iy
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Figure 4. Crosslinking of mature M-MuLV Gag proteins. Virus particles from cells transfected
with pXMGPE (wild type; A, B), MA+CACys-G220C (C-F), MA+CACys-5475C (G, H), and
MA+CACys-T323C (1, J) were mock treated (lanes A, C, E, G, and I) or treated with BMH (lanes
B, D, F, H, and ]) as described in Materials and Methods. Protein samples were fractionated by
SDS-PAGE and electroblotted then detected with the anti-CA hybridoma Hy187 (lanes A-D, G-J)
or the anti-p12 hybridoma Hy548 (lanes E, F). Bands corresponding to Pr65Gag, CA, and the
proteolytic MA+p12 fragment, p27, are indicated. Arrows in lanes D, H and J indicate crosslinked
bands.

Figure 5. DMSO-induced 4A“ B C D E F (i? H

cros§linkin% of mia/t.ure virgg | i 3‘: _-TBC
article proteins. Virus particles b S = : - S
From cellg transfected m’lt)h Gag— T e ok '& .\_gfag
PXMGPE (wild type; A, E), ~ = N\~ >7C
MA+CACys-G220C (B, B), e - G220C
MA+CACys-1323C (C, G), and O N £ ot
MA+CACys-5475C (D, H) were W e o g W — CA
treated with dimethyl sulfoxide . L7

(DMSOQO) as described in the :

Materials and Methods. Protein

samples were separated on a

reducing gel (lanes A-D) or a non-reducing gel (lanes E-H), after which electroblotted Gag
proteins were detected using the anti-CA antibody Hy187. Bands representing the Pr65% and
mature CA proteins are indicated, as are the locations of the crosslink products for each mutant
at the right.
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Figure 6. Composition of the MA+CACys-T323C crosslink band. Virus particles from cells
transfected with MA+CACys-T323C were either BMH-treated (A, E), or mock treated (B-D, F-H),
after which protein samples were fractionated on a reducing SDS-PAGE gel. After
electrophoresis, samples were electroblotted and then immunoblotted using either the anti-CA
antibody, Hy187 (lanes A-D) or the anti-p12 antibody, Hy548 (lanes E-H). Indicated are Pr65%,
CA and the proteolytic MA+p12 fragment, p27. Arrows indicate the 75 kDa and 80 kDa crosslink
bands.
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ABSTRACT

We have examined structural interactions of Gag proteins in human
immunodeficiency virus type 1 (HIV-1) particles by utilizing cysteine
mutagenesis and cysteine-specific modifying reagents. In immature protease-
minus (PR-), but otherwise wild-type (wt) particles, precursor Pr55Ga8 proteins
did not form intermolecular cystines naturally, but could be crosslinked at
cysteines, and crosslinking appeared to occur across nucleocapsid (NC) domains.
Capsid (CA) proteins in wt mature viruses possess cysteines near their carboxy-
termini at gag codons 330 and 350, but these residues are not involved in natural
covalent intermolecular bonds, nor can they be intermolecularly crosslinked
using the membrane-permeable crosslinker bis-maleimido hexane (BMH). The
cysteine at gag codon 350 (C350) is highly reactive to thiol-specific modifying
reagents, while the one at codon 330 (C330) appears considerably less reactive,
even in the presence of ionic detergent. These results suggest that the HIV-1 CA
C-terminus forms an unusually stable conformation. Mutagenesis of C350 to a
serine residue in the mutant C350S virtually eliminated particle assembly,
attesting to the importance of this region. We also examined a C330S mutant, as
well as mutants in which cysteines were created midway through the capsid
domain, or in the C-terminal section of the major homology region (MHR). All
such mutants appeared wt on the basis of biochemical assays, but showed
greatly reduced infectivities, indicative of a post-assembly, post-processing
replicative block. Interestingly, capsid proteins of mature MHR mutant particles
could be cysteine-crosslinked, implying either that these mutations permit
crosslinking of the native C-terminal CA cysteines, or that major homology

regions on neighbor capsid proteins are in close proximity in mature virion
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INTRODUCTION

The human immunodeficiency erus (HIV-1) Gag proteins are encoded by
the viral gag gene and are synthesized as a polyprotein precursor, Pr55Gag.
Expression of Pr55G28 in eukaryotic cells is necessary and sufficient for the
formation of virus-like particles (10, 14, 22, 34, 35). Immature particles are
approximately 125 nm in diameter, are surrounded by a lipia bilayer, and show
an electron-dense layer juxtaposed to the bilayer (35). In cells infected with wild-
type (wt) HIV-1, the Pr55G28 precursor ordinarily is cleaved by the virally
encoded protease (PR) to give an occasional processing intermediate (p41), and
the mature viral Gag proteins, matrix (MA), capsid (CA), nucleocapsid (NC), and
p6 (4, 19, 25, 29). Coincident with processing, HIV particles take on a new
morphology: the particles become much more sensitive to disruption by non-
ionic detergents (36, 39), and they acquire an electron dense conical or cylindrical
core (9).

Most of the knowledge acquired about Gag protein function has come
from molecular genetic analysis of mutants. Mutations of MA are characterized
by a reduction in membrane binding (33, 39), impaired assembly (8, 33) or
assembly on intracellular membranes (8, 17), reduced incorporation of viral
envelope products (Env) into virus particles (8, 43), and /or impaired Env
function (39, 42). The capsid domain contains a region of Gag protein primary
sequence homology shared among almost all primate and avian retroviruses,
called the major homology region (MHR,[27, 37, 41]). Mutations in the MHR can
impair assembly (27), or can cause assembled particles to be non-infectious (27,
37). Several other mutations in CA block assembly (18, 38), or block virus

infection at an undefined late stage of the virus life cycle (39). Mutations in NC
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also can cause a reduction in assembly. In addition, many NC mutations impair
viral ability to encapsidate viral RNA (1, 11), supporting the notion that the cys-
his fingers in NC are required for specific encapsidation of viral RNA. Finally,
mutations in p6 cause a reduction in virus budding under some conditions (12).
Although standard molecular genetic approaches have allowed
identification of the functions of different Gag proteins, definition of subdomain
interactions is in its infancy, and very little is known about how Gag proteins
associate with each other to form a virus particle. To begin to identify important
Gag-Gag protein contacts in virus particles, we have commenced a series of
cysteine mutagenesis experiments aimed at assessing the importance of the Gag
protein cysteine residues in the virus life cycle, and at identifying important Gag
protein associations by cysteine-specific cross-linking methods (16). Our studies
have focused on Pr55Gag in immature virions, and on the CA domain of mature
virus particles, as it appears to make essential interprotein contacts in infectious
virions (9). In this study, we have examined the status of wild-type (wt) HIV-1
Gag protein cysteines, and of cysteines created in the HIV-1 capsid domain. Our
results indicate that intermolecular cystine formation is not essential to particle
assembly, but that Pr55G38 proteins can be linked, apparently across their
nucleocapsid cysteines. Biochemical and genetic analysis showed that the two
HIV-1 CA cysteines at gag codons 330 and 350 did not form intramolecular
cystines on the majority of capsid proteins, and that mutagenesis of C350 had
profound effects on virus particle assembly. Additionally, creation of cysteines in
the C-terminal portion of the HIV-1 MHR increased the efficiency of CA-CA
crosslink formation, and yielded virus particles that had wt characteristics but
were poorly infectious. Taken together, our results indicate that the C-terminal

end of HIV-1 CA is extremely important to virus particle assembly, and that



Chapter 3: Crosslink Analysis of the HIV-1 Capsid Protein 19

MHR residues appear to mediate Gag protein associations, at least in the mature

capsid domains.
MATERIALS AND METHODS

Recombinant Plasmids. The parental wt plasmid used in this study is
HIVgpt which was derived from the HXBc2 HIV provirus (32). The plasmid has
an active SV40 ori sequence which allows plasmid replicatio'n in transiently
transfected COS7 cells (30). For infectivity assays, using expression of the
bacterial gpt gene as a selectable marker, the SV-A-MLVenv plasmid was used as
previously described (30). Both the HIVgpt and the SV-A-MLVenv plasmids
were generously provided by D. Littman (30). Mutant virus constructs (see Table
1) were based on HIVgpt, and construction and sequencing followed standard
protocols (28). One protease-minus version of HIVgpt, HIVgpt 2498T was
constructed by the insertion of an exogeneous sequence that provides a stop
codon at the N-terminus of the pol gene product. The sequence from nucleotide
2495 is 5' GTC ATC GAA TTC CTG CAG CCC TTA AGT TAA CTT AAG GGG
GGA TCA GAT 3'; where the underlined triplet provides a gag-frame stop codon.
HIVgpt dIMARC is a variation of the HIVgpt dIMA, previously described (40).
The notable difference is that the dIMARC construct does not introduce a
cysteine: while the sequence of the dIMA construct, starting at nt 827 and ending
atnt 1149, is 5' AT CGA TGT CGA CGA TCT G 3/, the sequence of dAIMARC is &'
AT CGA CGA TCT G 3'. Note that the dAIMARC protease minus construct
(dIMARC PR-) is a combination of the dl MARC and 2498T.

Point mutants used in this study were as follows: T242C, where the
threonine at gag codon 242 was changed to a cysteine giving the sequence, 5'

ACT AGT TGC CTG CAG GAA 3'; R294C, where the a:ginine at codon 294 was
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changed to a cysteine (5 CCC TTT TGT GAC TAC GTA 3'); V297C, where the
valine at codon 297 was changed to a cysteine (5' GAC TAT TGT GAC CGG 3);
Y301C, where the tyrosine at codon 301 was changed to a cysteine (5' CGG TTC
TGT AAA ACT CTG CGC GCC GAG 3"); C330S, in which the cysteine at codon
330 was mutated to a serine (5' CCA GA;T TCG AAG ACT 3Y; and C350S,
replacing the cysteine at codon 350 with a serine (5' ATG ACA GCT AGC CAG
3"). In all cases, mutated codons are underlined and altered nucleotides are in
bold. Please note that in some but not all cases, additional conservative nt
changes were made to facilitate mutant screening by restriction digest analysis.
As a standard for Gag protein quantitation, we also expressed and
purified a histidine-tagged capsid protein. To do so, the HIV-1 capsid coding
region was cloned into the plasmid pet15B. The resultant plasmid
pet15BHIV1147-1900, has a 5' juncture sequence of 5 G GAT CCC GCT G 3', and
a 3' juncture sequence of 5' AAT TCC TGC AGC CCG GGG GAT CC 3'. The
expressed recombinant protein has non-CA N- and C-terminal amino acid
additions of; MGSSHHHHHHSSGLVPRGSHMLQDP, and
AQAMSQVTNSCPGDAANKARKQLAAAT
AEQ(Stop).

Cell culture, transfections, infections, and infectivity assays. COS7 and
HiL cells (CD4+ HelLa cells) were maintained in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum
(FCS), penicillin, and streptomycin. COS7 cells were split from confluent plates
1:4 onto 10 cm plates 24 hours before each transfection. Plasmid DNAs of HIVgpt
wt or gag mutant HIVgpt constructs were transfected onto COS7 cells by calcium
phosphate precipitation (13), and chloroquine was added (25 mM) to improve

efficiency. For transfection of one plasmid, fourteen micrograms of plasmid DNA
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were used, but for production of pseudotyped virus, eight micrograms of SV-A-
MLVenv plasmid were cotransfected with eight micrograms of wt or mutant
HIVgpt plasmid. Three days post-transfection, cell lysates and supernatants were
collected as previously described (39). For infections, HiL cells on 10 cm plates
were 10% confluent. Adsorption of Virl;s was allowed to take place at 37°C in the
presence of 4 ug/ml polybrene. Three days post-infection, plates were split 1:8
onto 10 cm plates containing selection media (standard growth media plus 50
ug/ml of xanthine, 3 pg/mi of hypoxanthine, 4 pg/ml of th};midine, 10 pg/ml of
glycine, 150 pg/ml of glutamine, and 25 pg/ml of mycophenolic acid (GIBCO)).
Plates were refed with selection media every 3 to 4 days until drug resistant
colonies formed. The number of colonies on each plate was used to calculate
virus titers (gpt resistant colony forming units per ml), and mutant infectivities
were determined by comparison with wt HIVgpt titers derived in parallel
experiments.

Hybridoma cells were grown in RPMI media supplemented with 10%
heat-inactivated fetal calf serum, penicillin and streptomycin in tissue culture
flasks. Antibody-containing media was collected by centrifugation to remove

cells then frozen at -80° C with 0.2% sodium azide added to aid in preservation.

Protein analysis. Media supernatants of transfected COS7 cells were
collected at 3 days post-transfection and filtered through a 0.45-um-pore-sized
filter. The filtered supernatants were centrifuged at 4°C for 45 min at 274,000 X g
(40,000 rpm in a SW41 rotor) through 2 ml of 20% sucrose in TSE (10 mM Tris
hydrochloride, 100 mM NaCl, 1 mM EDTA, 0.1 mM
phenylmethylsulfonylfluoride; PMSF). Pellets were resuspended in 100 ul of IPB
(20 mM Tris hydrochloride [pH 7.5], 150 mM NaCl, 1 mM EDTA, 0.1% sodium
dodecyl sulfate [SDS], 0.5% sodium deoxycholate, 1% Triton X-100, 0.02%
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sodium azide) plus 0.1 mM PMSF for electrophoresis, or in TSE for other
procedures. Cells from transfected plates were washed with 10 ml ice cold
phosphate buffered saline (PBS) twice and collected in 1 ml PBS for each 10 cm
plate. Cells then were gently pelleted and resuspended in 1 ml IPB plus 0.1 mM
PMSF and re-pelleted to remove debris .7 Supernatant and cell samples were
prepared for electrophoresis by adding an equal volume of 2X sample buffer
(12.5 mM Tris hydrochloride [pH 6.8], 2% SDS, 20% glycerol, 0.25% bromophenol
blue) plus B-mercaptoethanol (B-Me) to 5%, followed by boiling for 4 to 5 min
(17). Samples were subjected to SDS-polyacrylamide gel electrophoresis (SDS-
PAGE [24]), electroblotted onto a nitrocellulose filter and Gag proteins on filters
were immunodetected using procedures previously described (21). Two primary
antibodies were used for the detection of p24: Hy5001, a mouse anti-p24
monoclonal antibody (the kind gift of Epitope Inc., Beaverton, Or.), used at
1:20,000 dilution; and Hy183, a mouse hybridoma monoclonal antibody
(obtained through the AIDS Research and Reference Reagent Program, Division
of AIDS, NIAID, NIH from Dr. Bruce Chesebro, clone H12-5C), used at 1:30
dilution from media of cells grown in culture. The primary antibody used for the
detection of MA was Hy3H6.D4P (the kind gift of Epitope Inc., Beaverton, Or.).
In all cases, the secondary antibody used was a goat anti-mouse immunoglobulin
G-alkaline phosphotase conjugate (Promega). Inmunodetected bands on filters
were quantitated either by scanning densitometry with a Bio-Rad model 620
video densitometer on reflectance mode (39), or by obtaining a computer image
file of the filter using a Hewlett Packard color flatbed scanner, and processing the
image with the NIH Image software package. Efficiency of proteolytic processing
was calculated by dividing the density units of individual proteolytic product

bands of each sample by the total Gag density of that sample.
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Sucrose density gradient fractionation of virus particles was performed as
described (39, 40, 44). Briefly, extracellular virions were isolated by pelleting
media supernatant from transfected COS7 cells through a 4 ml, 20% sucrose
cushion in TSE. The pellets were resuspended in TSE and applied to sucrose
gradients consisting of 1.1 ml layers of 2}0, 30, 40, and 50% sucrose in TSE which
had been allowed to mix by sitting for one hour. Gradients were centrifuged at
300,000 X g (50,000 rpm on an SW50.1 rotor) overnight at 4° C, and 400 ul
fractions were collected from top to bottom. Fractions were énalyzed for sucrose
density and Gag protein levels by densitometric quantitation of immunodetected
bands. Gag protein levels were normalized to the band with highest Gag protein

level from each gradient.

Crosslinking and chemical reactivity methods. Iodine crosslinking of
cysteine residues was performed as described (16, 31). For crosslinking with bis-
maleimido hexane (BMH; Pierce) treatments, virus particles or proteins were
prepared as described above and resuspended in 200 ul of TSE or PBS. BMH was
prepared fresh as a 100 mM solution in dimethyl sulfoxide (DMSQ), and viral
samples were split into equivalent 100 ul fractions and treated with BMH (1 ul of
100 mM BMH in DMSO), or mock treated (1 ul DMSO), and then vortexed gently
and incubated at room temperature for one hour. Reactions were terminated by
the addition of 2X sample buffer plus B-Me to 5%, and the samples were boiled
for 3-5 min (16). For detergent treatment experiments, Triton X-100 or lithium
dodecyl sulfate (LDS) were used at final concentrations of 0.25% in crosslinking
reactions.

Biotin maleimide (Sigma) reactions were carried out on proteins prepared
as described and resuspended in TSE. Biotin maleimide was prepared as a 100

mM solution in DMSQO, and then diluted to 10 mM in 10 mM Tris hydrochloride
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(pH 7.4). Reactions were performed in 100 ul total volume with the addition of 10
ul of 10 mM biotin maleimide prepared as described, or 10 ul 10% DMSO in 10
mM Tris hydrochloride (pH 7.4) for the mock. Triton X-100 and LDS were used
at 0.25% (final concentration) in specified reactions. Reactions were allowed to
proceed in the dark on ice for 1 hour, ar;d were terminated by the addition of 2X
sample buffer plus §-Me to 5%. Biotinylated proteins were identified by mobility

shift and with alkaline phosphatase-conjugated streptavidin on electroblotted

filters.

Chemical cleavage of proteins. Specific protein cleavage at cysteine
residues by 2-nitro-5-thiocyanobenzoic acid (NTCB, Sigma) followed previously
described procedures (2) with modifications. NTCB was prepared fresh as a 2.24
mg/ml solution (1 M) in buffer bob (6M guanidine hydrochloride, 200 mM Tris
hydrochloride [pH 8.0], 0.1 mM EDTA [pH 8.0], 0.1 mM dithiothreitol [DTT]).
Cleavage reactions were prepared by mixing 175 pl buffer bob with 25 ul of
protein sample (in TSE), and reactions were initiated by addition of 50 pl of
NTCB solution, and vortexing. Cleavage reactions took place at 37° C in the dark
on a rocking platform for 20-75 h. Reactions were terminated by the addition of
B-Me to 1%, after which samples were dialyzed two times two hours in a fume
hood against 1 L. 50 mM ammonium bicarbonate, pH 8.0. Dialyzed samples were
vacuum dried overnight, resuspended in 150 ul IPB, 150 pl 2X sample buffer, 15
ul B-Me, and subjected to SDS-PAGE and immunoblotting. For successive biotin-
maleimide then NTCB treatments, samples were processed according to the
procedure for biotin-maleimide modification except that the reactions were
incubated at room temperature 2 h and no B-Me was added to terminate the
reaction. Prior to NTCB cleavage, 10 ul aliquots were set aside for

electrophoresis, while the remainder of the biotin-maleimide reactions were
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combined with 1.5 ml of buffer bob plus 300 uM DTT, after which 400 ul 10 mM
NTCB (in buffer bob plus 300 uM DTT) was added. Cleavage reactions then

proceeded as described above.

RNAse protection and reverse &anscriptase reactions. RNAse protection
assays using the HIV 831-680 riboprobe were performed as previously described
(40, 44). The riboprobe spans the HIV major splice donor sequence so it will
detect both spliced and unspliced transcripts. Exogeneous reverse transcriptase
assays were performed as previously described (39), and results were
normalized to densitometrically determined Gag levels from immunoblots. To
assay reverse transcriptase activities on native templates, endogeneous reverse
transcriptase reactions were performed on permeabilized pelleted particles using
previously established reaction incubations. Total nucleic acid was isolated from
each reaction mix, and minus strand strong stop DNA was assayed by RNAse

protection using a 151 nt sense strand probe.
RESULTS

Cysteine-specific crosslinking of wild type HIV-1 Gag proteins

There are a total of 10 cysteines encoded by the HIV-1 gag gene (Figure 2),
two in the matrix domain (MA), two in the capsid domain (CA), six in the
nucleocapsid domain (NC), and none in p6. The NC cysteines are absolutely
conserved among over 70 different HIV-1 gag genes that have been sequenced
(26), and the two MA cysteines are conserved to a very high degree, one cysteine
is invariant, while the other cysteine is ébsent in only 3 isolates (26). The two CA
cysteines also are well conserved. The first cysteine (gag codon 330) is absolutely

conserved, and the second cysteine (350) is conserved in all but one isolate (26).
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The corresponding CA cysteine residues are present and conserved in HIV-2
ROD and SIV isolates (20), but these viruses encode an additional cysteine in the
central portion of their capsid domains. Of these cysteine residues, evidence
indicates that NC cysteines form two zinc fingers important in viral RNA
encapsidation (1). Additionally, MA cys;teines have been located in NMR and X-
ray structures of the matrix domain. However, it is unclear how CA cysteines
contribute to HIV function, and how MA, CA, and NC cysteines interact in
Pr55Gag. These studies were performed to clarify the roles of the HIV-1 CA
cysteines (C330 and C350) in the viral life cycle and to combine cysteine
mutagenesis with crosslinking and chemical reactivity protocols to probe virus
particle structure (16).

To determine whether HIV-1 Gag cysteines are in close proximity to
cysteines on neighboring Gag proteins, we initially ran proteins from immature
and mature virus particles on non-reducing gels and found no evidence for
intermolecular Gag protein cystine formation (23). As a second step, we used
membrane permeable bis-maleimido hexane (BMH) to crosslink cysteines in
intact mature and immature protease minus (PR-) virus particles. When wild
type (wt) mature HIV particles were subjected to BMH crosslinking and the
protein products were immunodetected with either anti-CA or anti-MA
antibodies, no novel crosslinked species were identified (Figure 3, lanes A-B and
E-F). These data imply either that BMH cannot penetrate mature virions, or that
cysteines on mature MA or CA proteins were not in close enough proximity to
cysteines on neighbofing proteins to crosslink. In contrast, when immature, PR-
particles were subjected to BMH crosslinking, a novel protein band at 110 kD
was detected with both the CA (lane D) and the MA (lane H) antibodies, along
with an additional less pronounced band of unknown origin at about 100 kD.

This result is consistent with the supposition that at least one pair of cysteine
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residues on neighboring Pr55Gag molecules can be crosslinked, and is similar to
our previous findings with Moloney murine leukemia virus (M-MuLV) PrGag
protein crosslinking (16). Note also that the slowest migrating PrGagpol band in
lane C disappears on crosslinking (lane D), presumably because PrGagpol
proteins crosslink to generate a species ;vhich does not enter our running gels
readily.

The appearance of a 110 kD band upon crosslinking of immature virus
particles was consistent with the presence of a Pr55Gag dimei:, but could also be
due to the crosslinking of Pr55G28 to an unknown protein of approximately 55
kD. In order to analyze the composition of the putative dimers, we constructed a
matrix deletion Pr55Gag protein, dIMARC PR-, which retains N- and C-terminal
MA sequences but is deleted from codon 15 to codon 111. The dAIMARC mutant
is similar to the previously described dIMA mutant (40), which assembles
conditionally infectious virus particles, except that dIMARC is two residues
shorter, and retains no cysteines in the MA domain. To examine the composition
of Gag-reactive crosslinked molecules, we subjected PR- wt and dIMARC
proteins in virus particles to BMH treatments (Figure 4). Again, BMH treatment
of PR- particles yielded a new band at 110 kd, and a less pronounced 100 kD
band of unknown origin (lane B). Crosslinking of dIMARC PR- virus particlés
produced an additional band at approximately 82 kD, consistent with the
predicted size of a dAIMARC crosslinked dimer (lane D). When separately
isolated PR- and dIMARC PR- particles were mixed prior to crosslinking, the
predicted homodimer bands of 82 kd and 110 kD were observed as was the 100
kD band of unknown origin (lane I). In contrast to the mixing experiment, when
PR- and dIMARC PR- constructs were cotransfected, crosslinking of the isolated
virus particles showed an additional band at approximately 96 kD (lane G). This

new band corresponds to the expected size for a mixed dimer of PR- and
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dIMARC PR- Gag proteins. However, since the mixed dimer 96 kD band
migrated so closely to the unknown 100 kD band, we repeated the crosslinking
experiment and ran all crosslinked products side by side (Figure 4, lanes J-M).
Again the wt dimer (lane J) and dIMARC (lane K) dimers were observed, and the
mixed particles showed homodimers on}ly (lane M). However in addition to the
homodimers, the cotransfection experiment (lane L) showed a heterodimer at 96
kD. We conclude from these experiments that BMH crosslinks neighboring Gag
proteins at cysteine residues. Furthermore, neither mature MA nor CA crosslink
(Figure 3) and the precursor Gag does not require MA cysteines to crosslink
(Figure 4). Independent experiments showed that a PrGag protein deleted for all
of the cysteine residues in the NC domain was impaired in crosslinking (data not
shown). While we cannot exclude arguments that NC mutant proteins fold
differently form wt PrGag proteins, our results are consistent with the
interpretation that crosslinking of HIV-1 Pr55G38 occurred via the cysteines in
the NC domain. This result is similar to what we have observed with M-MuLV
PrGag proteins (16), and suggests that NC in Gag precursors may play an

important role in multimerization of Gag proteins (3,7).

Analysis of HIV-1 capsid protein cysteines

Since HIV-1 capsid protein cysteines are well conserved (26) and in close
proximity in the primary sequence (only 20 residues apart), we were interested
in examining the status of these two residues. Consequently cysteines at gag
codons 330 and 350 were mutated separately to encode serines in the mutants
C330S and C350S (Figure 1). When wt, C330S and C350S HIVgpt constructs were
transfected into COS? cells, the standard P55, p41 and CA proteins were
detected in lysates of wt (Figure 5, lane A) and C330S (lane C) transfected cells.

However, we consistently detected no capsid-related proteins in lysates from
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cells transfected with the C3505 mutant (lanes B, D), when anti-CA antibody
Hy5001 was used. The absence of C350S proteins in cell lysates could be due to
something as trivial as failed transfections, so a parallel immunoblot was
performed with the second anti-CA monoclonal antibody, Hy183. As illustrated
(Figure 5, lanes E-H), the second monocional antibody readily detected wt (lane
E), C330S (lane G) and C350S (lanes F, H) Pr55, p41 and CA proteins in
transfected cell lysates: these results suggest that the C350S mutation altered the
Hy5001 epitope so that the mutant protein was no longer recognizable by this
antibody on immunoblots. Using the Hy183 monoclonal antibody, which
recognizes wt, C330S and C350S proteins, we examined particle-associated Gag
protein levels in media supernatants of transfected cells as a measure of the
efficiency of wt and mutant proteins in directing the assembly and release of
virus particles. As shown in lanes I and K, wt and C330S proteins were released
efficiently from transfected cells. In contrast, the total amount of Gag protein
released from C350S-transfected cells was 10- to 30-fold lower than that seen for
its counterparts. These results indicate that the C350S mutation has a drastic
effect on HIV particle assembly. At least two mechanisms might account for the
C350S assembly defect: the mutation might cause a mislocalization of the protein
within cells, or it could interfere with interactions that are necessary for particle
assembly. Because results from subfractionation and immunofluorescence
studies appeared indistinguishable for the wt and C350S proteins (data not
shown), we believe the C350S mutation interferes with assembly by disrupting
Gag protein contacts with either membranes, viral RNA, or other proteins.

“The fact that the C330S mutant assembled virus particles, while the C350S
mutant was assembly-defective seems to discount the notion that these two
residues form an intramolecular cystine. Furthermore, non-reducing gels showed

little if any evidence for intermolecular cystine bridge formation between capsid
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proteins or Pr55Gag proteins (23). However, we were interested in directly
testing the accessibility of the capsid cysteines. To do so, wt HIVgpt virus
particles were treated with biotin-maleimide which can biotinylate free thiols.
Treatments were performed in the absence of detergent, in the presence of Triton
X-100 (which dissembles mature but no; immature HIV particles [39]), or in the
presence of lithium dodecyl sulfate (LDS; which dissembles both mature and
immature HIV particles). Since biotin-maleimide is not membrane permeable in
the absence of detergents, it is not surprising that the immunoblot profile of
biotin-maleimide-treated samples was comparable to that of the mock (Figure 6;
lanes B, E versus A; and lanes I, L versus H). When biotin-maleimide reactions
occurred in the presence of either detergent, one slightly lower mobility CA band
(biotin-CA) was observed, and 30-70% of the capsid protein was shifted to this
mobility when Hy183 was used for detection (lanes J, K, M, N). However, when
Hy5001 was utilized as a detection reagent, there was an apparent reduction in
the amount of CA, and no biotin-CA was observed (lanes C, D, F, G). We
interpret these results to indicate that the biotin-CA band consists of CA
biotinylated at C350; at C350 plus C330; or a combination of the mono- and di-
biotinylated species.

In contrast to biotinylation results in triton X-100 or in the absence of
detergent, when particles were treated with LDS there was evidence of lower
mobility of Pr55 and p41 species as detected by Hy183 (lanes J, M). This result is
consistent with previous observations that immature HIV particles are resistant
to dissembly by non-ionic detergents (17, 36), but also suggests that none of the
HIV-1PrGag cysteine residues were accessible to biotin-maleimide unless
immature particles were completely disrupted. Additionally, since neither p41,

Pr55, nor their biotinylated counterparts were visible when biotin-maleimide-,
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LDS-treated proteins were probed with Hy5001, it would appear that all
biotinylated and biotin-Pr55 species were modified at C350.

To extend our observations, wt Gag proteins were mock- or biotin-
maleimide-treated, and then subjected to NTCB cleavage at free cysteines. In this
case, biotinylated cysteines should be re:sistant to NTCB cleavage, and cleavage
should occur only at residues that were unable to be biotinylated. In this
experiment, two different HIVgpt preparations were used, wt and dIMARC, both
of which form mature virus particles that appear identical with respect to their
capsid proteins. As expected, completely untreated samples yielded only one
capsid band (Figure 7, lanes A,D), while biotin-maleimide-reacted samples
(which have not been NTCB cleaved) gave the additional lower mobility band
seen in Figure 6 (lanes B, C). When unbiotinylated proteins corresponding to
lanes A and D were cleaved with NTCB, several bands were seen (lanes E, H),
one presumably corresponding to CA which was not cleaved by NTCB (band
#2), and bands of higher mobility (bands #3 and #4), cleaved at C330 and/or
C350 with NTCB. When samples were reacted first with biotin-maleimide and
then cleaved by NTCB, the relative amount of material in bands #1 (biotin-CA)
and #2 (CA) incréased (lanes F, G), consistent with the notion that biotin-
maleimide reactions protected CA from NTCB cleavage. Interestingly, the
amount of material in band #3 remained constant, whether or not the samples
received biotin-maleimide pretreatment. In contrast, biotin-maleimide
pretreatment caused a clear decrease in the relative amount of band #4 (compare
band #4 in lanes F versus E, and G versus H). Since C350 preferentially reacts
with biotin-maleimide (Figure 6) this suggests that band #4 is the cleavage
product at C350, and band #3 is the cleavage product at C330. This result is
paradoxical since the C330 cleavage product (band #3) should be smaller than

the C350 cleavage product (band #4). However, this type of gel migration
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anomaly has been observed in cases where the C-terminus of avian retrovirus
proteins are naturally cleaved, or artificially truncated (6, 7). Our results indicate
that C350 is highly reactive to biotin maleimide, but that C330 appears
considerably less reactive. The lack of C330 reactivity could be due to its
inaccessibility, even in the presence of i(;nic detergent. Alternatively, the thiol at
(330 could be blocked by an as yet undetermined low molecular weight factor.

However, if this is the case, the factor could not be necessary for virus assembly,

since the mutant C330S does assemble virus paricles.

Phenotypes of HIV-1 cysteine substitution mutants

Since we examined the status of the two natural cysteines in the HIV-1
capsid proteins, we thought it might be useful to examine what occured when
additional cysteines were introduced into the capsid coding region. In addition
to the C330S and C350S mutants (Figure 1) we chose to look at four others. One
mutant, T242C (Figure 1), is at a site where a linker insertion mutation killed
virus infectivity, and impaired proteolytic processing of the Pr55538 precursor
(39). In addition, three mutations were created in the C-terminal portion of the
capsid domain major homology region (MHR), R294C, V297C, and Y301C
(Figure 1). Previously, others found that mutations in the most conserved,
amino-terminal residues of the MHR killed virus infectivity and could block
assembly (27, 37). We chose residues 294, 297, and 301 since NMR studies
suggested that the HIV MHR forms an amphipathic helix in solution with R294
on the hydrophilic face, and V297 and Y301 on the hydrophobic face (5). We felt
it was possible to determine whether cysteines introduced at these positions
might interfere with assembly or, if not, might be used to probe structural

features of the MHR.
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For analysis, mutant and wt HIVgpt constructs first were transfected into
COS7 cells and virus particle release levels were assayed as descibed in Figure 5.
Similar to the C330S mutant and in contrast to the C350S mutant, media levels of
T242C, R294C, V297C and Y301C were all roughly comparable to wt levels (data
not shown), suggesting that these mutar71ts were not defective for virus assembly.
Furthermore, all well-released mutants made particles of wt density and were
appropriately processed (data not shown).

Since particles released by T242C, R294C, V297C, Y301C or C330S were
not grossly defective, we tested the abilities of Gag mutant virions to infect target
cells. To do so, wt or mutant HIVgpt constructs were cotransfected with an
envelope expression construct into COS7 cells, and filtered media supernatants
were collected. For infectivity assays, infectious events were monitored by
transduction of the proviral gpt gene. Thus, particles were applied to target HiLL
cells which subsequently were split into gpt selective media, and grown until the
appearance of drug resistant colonies. In all cases, mutant and wt HIVgpt
infections were performed in parallel. Titers, in colony forming units per ml
(cfu/ml) were calculated based on colony numbers, and mutant titers were
compared to wt titers obtained in infections performed at the same time.
Interestingly, the infectivities of all of the capsid domain single-substitution
mutants were reduced considerably from that of wt (Table 1). The near-zero
titers for the C350S mutant were expected, based on its defect in release.
However, of the other mutants, only T242C showed appreciable titers, 5-20% that
of wt. In contrast, C330S titers were 1-5% wt, and all mutations in the MHR
(R294C, V297C, Y301C) gave titers of less than 1% of wi.

Why are the infectivities of the capsid domain single-substitution mutants
so low? RN Ase protection assays showed that the T242C, R294C, V297C, Y301C

and C330S mutant particles packaged roughly wt levels of genomic viral (data



Chapter 3: Crossiink Anaiysis of the HIV-1 Capsid Protein 94

not shown), so the mutants do not appear defective for RNA encapsidation.
Similarly, efficiently released mutant particles possessed wt levels of exogeneous
template reverse transcriptase (RT) activity (39) and endogenous RT minus
strand strong stop product levels (data not shown), suggesting that the initial
steps of reverse transcription are not imi)aired. Thus, it seems that our capsid
mutants are defective either for virus entry into target cells, or at an as yet

undefined post-entry step of infection. These results are reminiscent of those

observed for some other HIV capsid mutants (39).

Crosslink analysis of cysteine substitution mutants

To probe the cysteines introduced in the capsid domain, particles were
isolated from media supernatants of transfected COS7 cells and either mock
treated, or crosslinked at cysteine residues with BMH (Figure 8). As expected
(see Figure 3), mature wt particles showed little evidence of capsid protein
crosslinking (Figure 8, lane B) when compared to the mock treatment (lane A).
Similar results were obtained with T242C (lanes C, D). In contrast, BMH
treatment of C330S and MHR mutant particles resulted in the appearance of anti-
CA-reactive bands at 46-50 kd, consistent with CA-CA dimers. The 46-50 kD
products show slightly different mobilities which vary by mutant. These
variations may be due to mobility differences of dimers depending on the exact
location of the crosslink. However, an alternative hypothesis, that CA monomers
crosslink to unknown 22-26 kD proteins, can not be ruled out.

Given the lack of putative CA-CA dimers for wt HIVgpt, it was surprising
that the C330S mutant showed a putative dimer band (Figure 8, lane L). One
explanation for this result is that the C330S mutation alters the conformation of
CA in virus particles, such that C350 is placed in close proximity to C350 in

neighbor molecules, and is able to form a crosslink. An alternative explanation
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for this observation is that in wt particles, C330 and C350 preferentially form an
intramolecular crosslink, and the absence of a suitable intramolecular partner in
the C330S mutant leaves C350 free to form intermolecular crosslinks. While this
interpretatibn might imply that crosslinking to form dimers always will occur
when there is an odd number of cystein:as in CA, the lack of crosslinking for
T242C, which has three cysteines, argues against this implication.

As indicated above, all three MHR cysteine substitution mutants showed
putative CA-CA dimer species (Figure 8, lanes F, H ). These crosslinked species
disappeared when virus particles were treated with either 0.1% Triton-X 100 or
0.1% SDS (data not shown), indicating that the mature virus particle structure
was necessary for crosslink species to appear. Our results with R294C, V297C
and Y301C are consistent with the notion that MHR domains are close enough to
be crosslinked in neighboring molecules, possibly forming an interface between
capsid domains in mature particles. However, one caveat is that MHR cysteine
mutations might cause a conformational change such that other CA cysteines
(C330 or C350) are able to crosslink, or that mixed crosslinks might form. If this is
the case, the conformational change appears to require cysteine substitutions at
specific locations, since the T242C did not cause the appearance of a significant

crosslink band.
DISCUSSION

There are ten cysteines in the HIV-1 Gag protein, two in the matrix
domain, two at the C-terminus of the capsid domain, and six involved in the two
zinc-finger motifs in NC (Figure 2). Since we have not found evidence for PrGag
or CA dimers in non-reducing gels, it does not appear that intermolecular cystine

formation is essential to particle formation. However, PrGag proteins can be
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crosslinked at cysteines with BMH to form dimers, and crosslinking appears to
occur in the NC domain (Figures 3, 4). In contrast to PrGag, we found no
evidence for crosslinking of CA domains in mature wt particles (Figure 4, 8). One
trivial explanation for this observation might be that the HIV-1 CA domain
cysteines (C330 and C350) naturally for;n an intramolecular cystine. However,
our ability to biotinylate C350 with biotin-maleimide (Figure 6) argues against
the existence of a natural intramolecular C330-C350 disulfide on the majority of
capsid proteins. Interestingly, C330 appears resistant to Vbioti'ny‘lation, even in the
presence of ionic detergent (Figures 6, 7). This observation suggests that the C330
thiol could be chemically blocked. However, an alternate explanation is that the

~ CA C-terminus forms a secondary structure that is stable to ionic detergent.
Indeed, the anomalous gel migration of cysteine cleavage products (Figure 7)
suggests that this is the case, and is reminiscent of results with C-terminally
modified avian retrovirus capsid proteins (6, 7). Although we currently have no
direct evidence, we also would predict that the C-terminal cysteines of HIV-2
and SIV will possess the same chemical reactivities to those of HIV-1 CA. In this
regard, it is noteworthy that HIV-2 and SIV encode CA cysteines besides those
near the C-terminus. Based on their non-conservation, it seems likely that these
additional cysteines may interact with virus accessory proteins, such as vpx,
which are not present in HIV-1.

In our molecular genetic analyses, we found that mutation of C330 to a
serine (C330S) gave a phenotype that is similar to many other retrovirus capsid
domain mutants. The infectivity of this mutant was greatly reduced relative to
that of wt (Table 1), but there was no apparent reduction in particle assembly
(Figure 5). Nor were there apparent alterations in virus structure based on
proteolytic processing, sucrose gradient profiles, RNA levels, or reverse

transcriptase activities (data not shown), although thorough electron microscopy
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studies were not done here. These results suggest that the C330S mutation either
impairs virus entry or post-penetration processes. In contrast to C330S, the
mutant C350S showed the most drastic effect on HIV assembly that we've
observed for a single residue substitution (Figure 5). This might seem surprising
for a conservative mutation of a cystein:e which does not appear to be involved in
consistent intra- or intermolecular cystine formation, and could be due either to
alteration of important interprotein assembly contacts or to mislocalization of the
mutant Gag proteins. In this regard, we have found that the C350S
immunofluorescence pattern appeared like that of wt, as did the membrane
versus cytosol fractionation pattern (data not shown), suggesting that the
mutation does not affect subcellular localization. Consequently, our hypothesis is
that the C350S mutation changes an important CA C-terminal conformation that
is a prerequisite for Gag protein oligomerization and particle assembly.

Insofar as CA cysteine substitution mutations are concerned, three were
created in the C-terminal portion of HIV-1 MHR, since this region has been
modeled to form an amphipathic helix (5); and one mutation was created at HIV
gag codon 242, near a site which, when mutated by linker insertion, had a slight
effect on assembly and processing (39). All these mutants had similar phenotypes
to the C330S mutant, although T242C was three times more infectious than
C330S, and the MHR mutants were considerably less infectious (Table 1). When
T242C, R294C, V297C, Y301C and C330S were subjected to BMH-crosslinking,
T242C capsid proteins showed little evidence of crosslinking, while the other
mutants gave putative CA-CA dimer bands (Figure 8). The results with C330S
were surprising given that wt CA proteins did not crosslink (Figure 3, 8). One
explanation for this result is that the C3305 mutation made C350 more accessible
or closer to neighbor C350 residues. However, we favor the hypothesis that BMH

preferentially forms intramolecular C330-C350 crosslinks in wt particles, while
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blocking the intramolecular reaction in C330S particles permits the
intermolecular reaction to occur. Similar to C330S, all the MHR cysteine
substitution mutants showed putative CA-CA dimers on BMH-treatment (Figure
8). This could occur if mutations in the MHR affected C350 or C330S so that they
now could react with a neighbor molec1;1e. However, assuming that the block to
intermolecular crosslinking via residue 350 is due to an intramolecular 330-350
reaction, it is not clear how MHR mutations would affect this interaction. An
alternative hypothesis is that cysteines of amphipathic MHR helices (5) on

neighboring capsid molecules are in close enough proximity to crosslink. We

currently are testing these structural predictions in vitro.
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TABLES AND FIGURES

Table 1. Infectivity of HIV gag mutants.

Construct Titer ° HIVgpt titer % Infectivity
HIVgpt 2,296 2,296 100
T242C 416 178 19.1

34 874 8.9
102 749 13.6
192 2,007 ’ 9.6
R294C 20 7,847 0.8
5 1,504 0.3
7 3,831 0.2
V297C 5 2,451 0.2
13 3,831 03
21 1504 14
4 2,007 0.2
Y301C 17 2,451 0.7
4 2,451 0.5
22 7,831 0.3
0 1504 0
3 3,831 0.1
C3308 61 1,400 4.3
41 2,451 1.7
C350S 0 1,400 0
1 2,451 0.04

Each HIVgpt-based construct was cotransfected with SV-A-MLVenv into COS7 cells and 3 days
later, cell supernatants were used to infect HiL cells. Infections and selections for mycophenolic
acid resistant colonies were performed as described in Materials and Methods. The value for the
HIVgpt (wt) titer was calculated as an average of 11 independent infectivity experiments.
Replicate experiments were performed with different DNA plasmid preparations, at different
times, or both. Infectivities for each mutant were determined by the ratio of its titer versus the
HIVgptwt titer (middle column) in a parallel experiment.
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Figure 1. HIV-1 Gag mutants.

2498T [2495] 5 GTC ATC GAATTC CTG CAG CCCTTA AGTTAA 3
(pol 47)S I E F L Q P L S Stop

dIMA  [828] 5 GATCGA TGT CGA CGA TCTGAC ACA 3 [1154]
DRs C R R S Dy T

dIMARC [828] 5 GAT CGA CGA TCT GAC ACA 3 [1154]
D R R S: Dy T

T242C  [1507] 5 ACT AGT TGC CTG CAG GAA 3
Ty S T>C L Q E

R294C [1662] 5 CCCTIT TGT GACTAC GTA 3
Pyy FRC D Y A" )

V297C [1671] 5 GACTAT TGT GAC CGG TTC 3
Dyys Y V>C D R F

Y301C [1683] 5 CGG TTC TGT AAA ACT CTG 3
Rog9 F Y>C K T L

C330S [1770] 5'CCA GATTCG AAG ACT ATT 3
Py D C>S K T I

C3505 [1830] 5" ACA GCT AGC CAG GGA GTA 3
T348 A C>S Q G Vv

Mutant plasmids used here are all HIVgpt vectors and were constructed by standard methods.
The mutation in 2498T is an insertion which provides a premature stop codon to the pol gene and
inactivates the protease protein. The mutations dIMA and dIMARC are both 316 nt deletions in
the MA domain which remove 96 codons. Capsid domain mutations are as follows: T242C
changes the threonine at codon 242 to a cysteine; R294C changes the arginine at 294 to a cysteine;
V297C changes the valine at 297 to a cysteine; Y301C changes the tyrosine at 301 to a cysteine;
C330S changes the cysteine at 330 to a serine; and C350S changes the cysteine at 350 to a serine. In
all cases sequences are shown 5' to 3', altered or inserted nucleotides and residues are in bold, nt
numbers for all 5' and some 3' nucleotides are in brackets, and codon numbers are subscripted.

HIV-1(HXB2) GAG
€350, (€395
T TR d cas 6392\%25

1 132 28206 363 378 432 443 501
matrix capsid MHR NC pé

Figure 2. Location of cysteine residues in HIV Pr55G28, The HIV-1 (HXBc2) Pr55Gag protein
consists of four domains; matrix (MA), capsid (CA), nucleocapsid (NC), and p6, that are cleaved
to maturation by the virally encoded protease (PR) during the budding process. The precursor
polypeptide is 501 codons in length, and the juncture codons are indicated (note that both the
CA/NC and NC/p6 junctures are formed by the excision of small peptides of unknown function,
pl and p2). Pr55Gag contains 10 cysteines which are indicated on the top bar with codon
numbers. The HIV MHR {major homology region) is indicated and spans gag codons 285 to 306.
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Figure 3. Crosslinking of -
HIV-1 Gag proteins. Wild- dimer — f—
type (wt; lanes A,B,E,F) or , o
protease-minus (PR-; lanes
C,D,G,H) HIVgpt particles
were mock treated (lanes
A,CE,G), or treated with Pr55 —— Sy
BMH (lanes B,D,F,H) to | e
crosslink neighboring

steine residues. Samples !
Svyere separated by SDSF-’ ——
PAGE, electroblotted and
Gag proteins were detected »
by immunoblotting with <,
either anti-CA antibody
(lanes A-D) or the anti-MA .
antibody (lanes E-H). HIV CA— “
Gag proteins MA, CA, and
Pr55Ga8 are indicated, as are

putative 110 kd Pr55Gag
dimers. Also evident are
PrGagpol proteins (lanes

C,G) and 100 kd species in
lanes D,H. A B € D

—— dimer

— Pr55

; —wt dimer
; - —100 kd band
~ —mixed dimer
- —dIMARCdimer
Y .
b Wis
4 ] !' 3

'g o
'll L a _1.1 .

? - . * —dIMARCPrGag

A BCDE FGHT J KULMN

Figure 4. Composition of crosslinked Gag species. Gag proteins from virus particles that were
mock trea;ed (lanes A,C,F,H) or BMH-treated (lanes B,D,G,1,],K,L,M,N) were electrophoresed
and immunodetected with an anti-CA antibody as described in Figure 3. Virus patticles derived
from COS7 cells transfected with the following constructs: PR-, lanes A,B,J; dIMARC PR-, lanes
C,D/K; particles from cells co-transfected with PR- and dIMARC PR-, lanes F,G,L; particles mixed
from cells singly transfected with PR- and dIMARC PR- constructs, lanes H,I, M. Standard
molecular weight sizes are indicated on the left and derive from marker lanes E and N. Wt and
dIMARC PrGag proteins, homodimers, mixed dimers and the 100 kd band of unknown origin are
indicated on the right.

97 kD—

65 kD—
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CA—]

A B CD

Figure 5. Expression, release, and antibody reactivity of mutant Gag proteins. Cell lysates
(lanes A-H) and virus particles from media supernatants (lanes I-L) were collected from cells
transfected with wt (lanes A,E,I), C330S (lanes C,G,K) and C350S (lanes B,D,F,H,J,L) HIVgpt
constructs as described in the Materials and Methods. Samples were subjected to SDS-PAGE,
electroblotted, and Gag proteins were immunodetected with anti-CA antibodies Hy5001 (lanes
A-Dj) or Hy183 (lanes E-L). Pr55, p41 and CA proteins are as indicated.

—— Hy5001 11 Hy183 ———
biotin-mal: - + + + + + + -+ 4+ 4+ + + +
detergent : - - L T - L T L T

= = L T =

— K : e fug LAt L T el _\ ._ '/biotin Prs5
r>5—— R : . Tv% g St ag L pias

adl et T
43 kd —— it SR
p41— S KY.

S

IR biotin p41
'_- - - - 4 - |
..... 15!""* | '._\D41

et JEOY S [
~_biotinCa

Figure 6. Biotin-maleimide reactivity of HIV-1 capsid proteins. Wild-type (wt) HIVgpt virus
particles were mock treated (lanes A,H; indicated by -) or biotin maleimide treated (lanes B-G, I-
N; indicated by +) in the absence of detergent (-; lanes B,E,L L), or in the presence of 0.25% Triton
X-100 (lan®s D,G,K,N; indicated by T) or 0.25% LDS (lanes C,F,J,M; indicated by L). After
treatments, proteins in samples were separated by SDS-PAGE, electroblotted and
immunodetected with anti-CA antibodies Hy5001 (lanes A-G) or Hy183 (lanes H-N). Note that
Hy5001 does not recognize C350S mutant Gag proteins, while Hy183 does (see Figure 5). Marker
protein sizes, Gag proteins Pr55, p41, and CA, and biotinylated species are as indicated.
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biotin maleimide: - + <+ - - 4 4
NTCB cleavage: - - - - 4+ 4+ +

| )
= > : i an
biotin-CA U . e CA (band 2)
CA—= . : -_\\ and 3
: band 4

Figure 7. Cleavage of HIV-1 capsid proteins at cysteine residues. Wild-type (wt; lanes A B,E F)
or dIMARC (lanes C,D,G,H) HIVgpt particles were mock treated (lanes A,D,E,H) or treated with
biotin-maleimide (lanes B,C,F,G), after which proteins were processed for electrophoresis (lanes
A-D), or NTCB-cleaved at non-biotinylated cysteines and processed for electrophoresis.
Electrophoretically separated proteins were electroblotted and immunodetected with anti-CA
antibody Hy183. Four different capsid derived proteins are indicated: band 1 (biotin-CA), band 2
(CA), band 3, and band 4.

Pr55 st
X-Link[ ~ = =8

PAl— e e

EF GO 1 T K1

Figure 8. Chemical crosslinking of HIV mutants. Wt (lanes A,B) and mutant T242C (lanes C,D),
R294C (lanes E,F), V297C (lanes G,H), Y301C (lanes L]), and C330S (lanes K,L) HIVgpt particles
were mock treated (lanes A,C,E,G,LK) or treated with BMH (lanes B,D,F,H,],L) to crosslink
neighboring cysteine residues. Samples were subjected to SDS-PAGE, electroblotted and Gag
proteins were immunodetected with anti-CA antibody Hy183. HIV Gag proteins Pr55, p41, and
CA are indicated, as are putative CA homodimer bands.
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ABSTRACT

We have developed a system for analysis of histidine-tagged (his-tagged)
retrovirus core (Gag) proteins, assembled in vitro on lipid monolayers consisting
of egg phosphatidylcholine (PC) plus the novel lipid, 1,2-di-O-hexadecyl-sn-
glycero-3-(1"-(2”-R-hydroxy-3”-N-(5-amino-1-carboxypentyl)-iminodiacetic acid)
propyl ether) (DHGN). DHGN was shown to chelate nickel by atomic absorption
spectrometry, and DHGN-containing monolayers specifically bound gold
conjugates of his-tagged proteins. Using PC+DHGN monolayers, we examined
membrane-bound arrays of an N-terminal his-tagged Moloney murine leukemia
virus (M-MulLV) capsid (CA) protein, his-MoCA, and in vivo studies suggest that
in vitro-derived his-MoCA arrays reflect some of the Gag protein interactions
which occur in assembling virus particles. The his-MoCA proteins formed
extensive two-dimensional (2D) protein crystals, and the corresponding
diffraction patterns could be indexed as either orthorhombic (C222) or hexagonal
(p6), with reflections out to 9.5A resolution. The image-analyzed 2D projection of
his-MoCA arrays revealed a distinct cage-like network. The asymmetry of the
individual building blocks of the network led to the formation of two types of
hexamer rings, surrounding protein-free cage holes which are either circular
with a diameter of 19.24, or roughly triangular (length=28.0A, width=23.2A).
These results predict that Gag hexamers constitute a retrovirus core substructure,
and that cage hole sizes define an exclusion limit for entry of retrovirus envelope
proteins, or other plasma membrane proteins into virus particles. We believe that
the 2D crystallization method will permit the detailed analysis of retroviral Gag

proteins, and other his-tagged proteins.
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INTRODUCTION

A number of cellular and viral components are present in all infectious
mammalian retroviruses. Such viruses are surrounded by host-derived lipid
membrane envelopes, which carry r;ceptor-binding /fusion proteins, the surface
(SU) and transmembrane (TM) proteins, that are encoded by the retroviral env
genes (Weiss et al., 1984; Leis et al., 1988). Within each mammalian retrovirus
particle are two copies of the viral RNA genome with associated, cellularly-
derived tRNAs, which serve as primers during reverse transcription. Virus
interiors also contain 1000-5000 copies of the viral Gag (group specific antigen)
proteins, and 10-100 copies of the viral po! gene products including the viral
protease (PR), reverse transcriptase (RT), RNAseH, and integrase (IN) (Weiss et
al., 1984). Components of C-type retroviruses, such as Moloney murine leukemia
virus (M-MuLV), and lentiviruses, such as the human immunodeficiency virus
(HIV), are delivered for assembly at the plasma membranes of infected cells

(Weiss et al., 1984), although assembly can occur at other intracellular membrane

locations (Hansen et al., 1990; Faecke et al., 1993; Wang et al., 1993).

The one viral component that has been shown to be necessary and
sufficient for C-type and lentivirus particle assembly is the Gag protein, which is
synthesized as a precursor polyprotein (Pr848), and normally cleaved into
mature processed Gag proteins by the viral protease (PR) during or after
budding. The proteolytic processing of Pr84¢ is required for infectivity, and
results in a major change in the virus core, in which electron dense material
adjacent to the periphery of immature particles reorganizes into central spherical,
cylindrical or cone-shaped structures (Weiss et al., 1984; Stewart et al., 1990).

Three mature Gag proteins, matrix (MA), nucleocapsid (NC), and capsid (CA)
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are present in both C-type viruses and lentiviruses. During biosynthesis, MA is
myristylated at its amino-terminus, and this fatty acid modification is necessary
for membrane association of Pr848 proteins (Rein et al., 1986). Genetic
experiments have demonstrated that the HIV-1 matrix protein also interacts with
the HIV Env protein complex (Yu et)al., 1992; Faecke et al., 1993; Wang et al,,
1993). However, the central 80-90% of HIV MA can be deleted without blocking
assembly of virus particles (Faecke et al., 1993) that are conditionally infectious
(Wang et al., 1993). At or near the C-termini of lentivirus kor'C-type retrovirus
Pr&%8 proteins are cys-his, zinc finger-containing NC domains. The NC domains
have RNA-binding capabilities, but it is not clear whether NC completely
accounts for the specificity of RNA encapsidation into virus particles (Zhang and
Barklis, 1995). While MA interacts with viral membranes and Env proteins, and
NC interacts with the viral RNA, the Gag CA domains appear to establish
interprotein contacts that are essential to the oligomerization of Pr§4¢ proteins,
and assembly of Gag-Pol and Gag fusion proteins into virions (Jones et al., 1990;
Hansen et al., 1990; Mammano et al., 1994; Chazal et al., 1994; Wang et al., 1994;
Hansen and Barklis, 1995; Craven et al., 1995; Srinivasakumar et al., 1995;
McDermott et al., 1996). Despite the apparent conservation of retrovirus capsid
protein function, only a 20-30 residue section in the C-terminal half of CA, called
the major homology region (MHR) is well-conserved at the primary sequence
level (Mammano et al., 1994; Hansen and Barklis, 1995; Craven et al., 1995; Clish
et al., 1996; McDermott et al., 1996). In addition to the three conserved mature
Gag proteins (MA, CA, NC), M-MuLV encodes a p12 protein between the MA
and CA domains, and HIV encodes a pé domain at the C-terminus of its Pr§%&:
while these domains are essential to the infectivities of their respective viruses,
they are not absolutely required for virus particle assembly (Crawford and Goff,

1984: Spearman et al., 1994; Hansen and Barklis, 1995).
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Three dimensional (3D) structures of HIV MA (Matthews et al., 1994; Hill
et al., 1996) and NC (Morrelet et al., 1992) are available, as are partial structures
of HIV CA (Clish et al., 1996; Griffith et al., 1996; Momany et al., 1996). However,
despite observations of preferred in’cferprotein contacts in 3D crystals (Hill et al.,
1996), it is unclear how the individual Gag proteins fit into the immature or
mature virus particle structures. Ordinarily, retrovirus structure analysis might
proceed by x-ray diffraction analysis of 3D crystals of virus, or by electron
microscopy (EM) and image analysis of homogeneous preparations of virus
particles. Unfortunately, these approaches have proven difficult, since the virions
do not crystallize, preparations do ﬂot appear homogeneous, and it is unclear
whether mature or immature virus cores have helical or icosohedral symmetry,
which would be a great help in image reconstruction (Choi et al., 1991; Fuller et
al., 1995; Fuller et al., 1996). In the absense of homogeneous, in vivo-derived virus
preparations, several groups have undertaken the analysis of virus-like particles
formed in vitro from Pr8%§ proteins (Nermut et al., 1994; Klikova et al., 1995) or
their derivatives (Ehrlich et al., 1992; Campbell and Vogt, 1995; McDermott and
Barklis, unpublished observations). Such studies have shown that Gag-derived
monomer proteins can assemble to form higher order structures, but, for the
most part, resolution has been such that the nature of Gag interprotein contacts
remains unclear. Nevertheless one analysis of HIV Pr8%¢ proteins assembled at
the plasma membranes of baculovirus vector-infected cells provided sufficient
resolution to suggest that these proteins form a fullerene cage-like network at the

membrane (Nermut et al., 1994).

Because of the difficulties with traditional x-ray and EM approaches, and

the current limited resolution available via analysis of standard in vitro assembly
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products, we have adapted a lipid monolayer approach (Uzgiris and Kornberg,
1983; Darst et al., 1991a,b; Celia et al., 1994; Olofsson et al., 1994; Avila-Sakar and
Chiu, 1996) to determine how Gag proteins may associate with each other at a
membrane. OQur approach (Zhao et al., 1994), outlined in Figure 1, has been to
employ a nickel-chelating lipid to fa;ilitate the two dimensional (2D)
crystallization of N-terminal histidine-tagged (his-tagged) Gag proteins at a lipid
monolayer. This approach recently has been used, with modifications, to
examine a variety of interfacial lipid-protein interactions F(Séhmitt et al., 1994;
Zhao et al,, 1994; Kubalek et al., 1995; Ng et al., 1995; Dietrich et al., 1995,1996;
Frey et al., 1996), and can be used to obtain protein 3D structures, using image
analysis resources developed over the past two decades (Unwin and Henderson,
1975; Fuller et al., 1979; Baldwin et al., 1988; Frank et al., 1988; Henderson et al.,
1990; Schmid et al., 1993; Kuhlbrandt et al., 1994). The monolayer technique
described in Figure 1 appears ideally suited for the analysis of retroviral Gag
proteins, since their natural function is to oligomerize at the face of a membrane.
Furthermore, at least for HIV, only the membrane anchoring activity of the
amino-terminal Gag matrix domain is required for virus particle assembly (Facke
et al., 1993; Wang et al., 1993). In our current study, we have substituted a his-tag
for the membrane anchoring myristate moeity of the Gag proteiﬁ, and have
examined crystalline arrays of a his-tagged M-MuLV capsid proteins (his-MoCA)
formed on a monolayer of egg phosphatidyl choline (PC) and a novel nickel-
chelating lipid, 1,2-di-O-hexadecyl-sn-glycero-3-(1'-(2”-R-hydroxy-3”-N-(5-
amino-1-carboxypentyl) iminodiacetic acid) propyl ether) (DHGN). The his-
MoCA protein forms 2D crystals with reflections to 9.5 A resolution, and can be
classified as either orthorhombic (a=79.6 A, b=137.5 A, y=90°) or hexagonal
(a=b=79.7 A, y=60°). Image reconstruction shows a cage-like array of proteins,

similar to that seen for HIV-1 Pr84§ proteins (Nermut et al., 1994). In 2D
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projections, the putative his-MoCA monomers form two different types of
hexagonal units surrounding two different protein-free cage-holes: a circular
hole, with a diameter of 19.2 A; and a triangular cage-hole (length=28.0 A,
width=23.2 A). Our results permit sl?ecific predictions concerning retrovirus
particle structure, and capsid protein interactions with MA, NC, and Env

, proteins.
RESULTS
Characterization of the nickel-chelating lipid, DHGN.

To foster the development of a lipid monolayer approach for the analysis
of retrovirus Gag protein interactions, we designed a nickel-chelating lipid to
serve as a ligand to his-tagged Gag prvoteins. Our objective was to combine the
nickel-chelating nitrilotriacetic acid (NTA; Hochuli et al., 1987) group with an
activated diacyl glycerol derivative (Thompson et al., 1994). For this purpose, a
convergent synthesis scheme was developed (Figure 2; Materials and Methods),
where compounds 3 and 5 (Figure 2) served as immediate precursors to 1,2-di-O-
hexadecyl-sn-glycero-3-(1"-(2"-R-hydroxy-3"-N-(5-amino-1-carboxypentyl)
iminodiacetic acid) propyl ether) (DHGN; Fi