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Dissertation Advisor: Dr. Joseph Sodroski Be&ollman

Role of the Capsid Helix 4-5 Loop in Equine Infectious Anemia Virus I nfection
Abstract
The lentiviral capsid core, which encapsulatesviraed RNA genome, is delivered
into the target cell cytoplasm during the viralrgrgrocess. In the cytoplasm, the conical
core undergoes morphological changes, which amee@iuncoating. Proper uncoating
has been shown to be critical for the infectivityttee lentivirus HIV-1. In addition, the
HIV-1 capsid protein is critical for the processmofclear import of the preintegration
complex (PIC). The lentivirus equine infectiougama virus (EIAV) shares many
similarities to HIV-1, including similarities in ¢hcapsid protein. In particular, both HIV-
1 and EIAV capsid contain a proline-rich loop regio the amino terminal domain of
capsid between helices 4 and 5. The host cellataor cyclophilin A binds this loop in
HIV-1 and is critical for proper uncoating. We loypesized that this helix 4-5 loop was
also critical for EIAV infectivity at some earlyegi in the viral infection cycle. We
created a panel of amino acid substitution mutatiarthis loop region. Some of the
mutations resulted in severely deleterious effent&lAV infectivity. Some mutations
caused a slight increase in infectivity. The de=ieus mutations did not affect uncoating
or reverse transcription but appeared to blockearamport of the PIC. Those
mutations in which infectivity was slightly increasdid not exhibit significantly
different phenotypes from wild-type EIAV at anytbe stages examined. The results of
this study lend further support to the role of ¢das a determinant of nuclear import and

suggest that viral and cellular factors criticaHty-1 import may also be applicable to



EIAV. Future research should focus on identifyihg causes of the defects in nuclear
import observed for some mutants, as well as attéonplentify the reason for the
infectivity increase in others. In addition, insion of EIAV in future studies of nuclear
import involving HIV-1 can broaden the scope of tfaa to lentiviruses in general rather

than HIV-1 in particular.
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CHAPTER 1

INTRODUCTION



The Retroviridae family consists of a large group of viruses thadiergo an unusual step during
their infection cycle, from which they derive th@ame. Virions contain an RNA genome, but
during infection this RNA is copied into DNA: aqmess termed reverse transcription. This
flow of genetic material is in the opposite directiof that termed the central dogma (DNA
RNA — protein). The “retro” part of the family name oes from this step. After reverse
transcription, the viral DNA is integrated into thest genome. This DNA is then transcribed
and translated normally, giving rise to the virabtgins and also the RNA genome that will be
packaged into progeny virions. The integratiorihef viral DNA into the host’'s genome allows
retroviruses to maintain a persistent infectionthasr integrated DNA is replicated along with
the host's by the cellular replication machineryThe reverse transcription process and
subsequent integration step are the defining Wdecfeatures that distinguish tietroviridae

from other viruses.

All retroviruses share a basic structure when Vized by electron microscopy. There is
an internal electron-dense complex, or core, wishsge varies between retroviral genera. But
for all types of retrovirus, this core is surrouddey a lipid bilayer membrane, from which
envelope glycoproteins protrude as spikes on thiervisurface [for review, (67)]. There are
seven genera detroviridae. These seven fall into two categories, simple amdptex, and this
division is based on the viral genome. Simpleostuses encode only four genes (which may
be thought of as the “minimal” genes required feplication). These genes ayag, pol, pro,
and env. They may share reading frames or be expresseseparate ORFs. Complex
retroviruses encode the four genes mentioned absweell as accessory genes with diverse

functions. The simple retroviruses are alpha-ahetnd gammaretroviruses. Alpharetroviruses



contain a centrally-placed spherical core (exampéaian leukemia virus). Betaretroviruses
contain a core which is either cylindrical or rousad is eccentrically placed within the virion
sphere (examples: mouse mammary tumor virus, MB$aer monkey virus).
Gammaretroviruses also contain a central spheraral (example: leukemia viruses, e.g. murine
and feline). Complex retroviruses are delta-, lepsi lenti- and spumaviruses. The
deltaretroviruses contain a spherical core andssctg genetax andrex (example: human T-
lymphotropic viruses [HTLVs]). Epsilonretrovirusesso have a spherical core and 1-3
additional open reading frames&, B, C). The only examples of this type of retrovirus &sund

in fish (e.g. wall-eye dermal sarcoma virus) angtites. The lentiviruses have unique core
morphology — the core complex from immature viriaasspherical, but upon maturation it
becomes cone-shaped or cylindrical. Lentivirusés a&express several accessory genes.
Examples arevif, vpu, vpr, tat, rev and nef from HIV-1, andtat, rev and &2 from equine
infectious anemia virus (EIAV). Finally, spumawsgs contain a central, uncondensed core
which does not exhibit morphology changes upon rnasitn (example: human foamy virus).

Spumaviruses encode two accessory gdisbd, andbet. [For review (45, 54-56, 67, 191)]

Although the different genera dRetroviridae exhibit varying core morphology and
accessory genes, all encode the same four bases @&l therefore show a similar overall virion
structure. Gag encodes the structural proteins capsid (CA), m&wiA), nucleocapsid (NC) and
proteins of various sizes typically containing dalomains”. All retroviruses have an RNA
genome, which is enclosed in the core complex aniiself associated with NC [for review
(67)]. Surrounding the RNA/NC complex is the cooenplex, which is composed mostly of CA
(86, 111, 143, 171, 197). This core is surrounblgdVA, which is in turn surrounded by the

lipid bilayer membrane derived from the host cill,(96, 172). Within the lipid bilayer are the
3



protein products oénv: the envelope glycoproteins surface unit (SU) smadsmembrane (TM).
TM passes through the lipid bilayer and anchors d@dUthe virion surface (57, 181). Also
located within the core complex are those protaiesived from pol and pro: reverse

transcriptase (RT), integrase (IN) and proteasg (PE3, 163).

Retroviruses go through a complex series of step®gl their infection cycles. Though
some details may differ, overall the steps arestimae for alRetroviridae. They are divided into
two parts: early and late stages. The early si@geribes the part of the life cycle between the
virion and provirus, and the late stage descrilwes gart of the cycle between provirus and

infectious virion. The life cycle steps are bryedummarized below.

Entry: receptor binding/membrane fusion. All retroviruses require that the viral envelope
glycoprotein trimer interact with one or more celirface molecules, which are known as
receptors. This binding leads to conformationahngdes within the envelope glycoprotein
complex, which brings viral and target cell lipidembranes closer together and allows
membrane fusion. Upon fusion, the virion core claxps internalized into the cell cytoplasm.

[For review (16, 38, 155, 203)]

Uncoating. The term “uncoating” refers to events that hapgiéer the viral core has entered the
cytoplasm, prior to reverse transcription. Thegenés are still poorly understood. During this
stage, it is expected that the viral core will dsamble to some degree. However, it is still not
clear whether reverse transcription of the RNA ge@agequires specific disassembly events to
happen before it can initiate. Viruses defectivehis step may manifest defects in creating
reverse transcripts. Many mutations that appeanterfere with uncoating map to the viral

capsid protein. [For review (9, 161, 206)]



Reverse transcription. The viral RNA genome is converted to double-strandslA at this step,
which takes place shortly after the core completermsnthe cytoplasm. Reverse transcription
itself takes place within a large complex that eom the RNA, reverse transcriptase, NC, IN
and possibly CA (19). Although reverse transcoiptappears to be contingent upon the viral
core being exposed to high levels of dNTPs in §tegtasm, some viruses may initiate it much
earlier, during assembly or release of the part{@tl, 156, 208, 218, 219, 227). Reverse
transcription follows an order of discrete ste@ermation of minus-strand strong-stop DNA,
first translocation, long minus-strand synthesigjation of plus-strand synthesis, removal of the

tRNA primer, second translocation, and completibbaih strands. [For review (10, 45, 83)]

Integration. The product of reverse transcription is a fuligéh double-stranded linear DNA
complex, flanked at each end by long terminal remsmuences (LTRs). After reverse
transcription, this complex enters the nucleuse &btual integration of viral DNA is mediated
by IN. IN processes the DNA ends and then catalgatrand transfer reaction in which the
recessed ends make breaks in the target host DBI).(IThe resulting intermediate is repaired
by cellular DNA repair machinery. The protein cdexpinvolved in integration of the provirus
is called the pre-integration complex (PIC). Vipabteins associated with the PIC may include

CA, RT, IN, MA and NC. [For review (61, 135, 167,1]

Expression of viral RNAs, trandation and protein processing. The integration of the viral
DNA marks the end of the early stage of infectidrhe late phase begins with the synthesis of
viral RNAs. The first product is a long primanamscript. This transcript may be spliced to
form a number of subgenomic transcripts that waltkanslated into protein, or it may remain

unspliced; the unspliced transcript can be traedlar may be packaged as the RNA genome of



progeny virus. [For review (5, 43, 95, 117, 154he gag, pol, andpro genes are translated as
long polyprotein precursors (e.g. HIV-1 Gag preouBr55). These polyproteins are processed
by protease (PR) during or after assembly to fdmenrhature virion particle (e.g. Gag Pr5%
MA, CA, NC and p6). In all retrovirusesnv is expressed from a subgenomic mRNA, dag,

pol and pro gene arrangement differ®ro may be fused in-frame to the end gdg or the
beginning ofpol, or it may have its own ORF. In additiayag andpol may be in the same ORF
(epsilon-, gammaretroviruses) or may be in differ&RFs and require a frameshift during
translation (alpharetro-, lentiviruses). In aduhti the complex retroviruses express a number of
small accessory proteins translated from subgenomRdlAs. [For review (31, 68, 85, 90, 91,

103, 213)]

Virion assembly/RNA packaging. As viral proteins are synthesized, they begin seatle to
form the immature particle. This process is maidfiven by the uncleaved Gag precursor.
Assembly may occur either at the plasma membrame thie cytoplasm followed by subsequent
transfer to the plasma membrane. Proteins derik@d pol and env as well as accessory
proteins are incorporated into the assembling witlwrough contacts with the Gag polyprotein.
In addition, the envelope glycoprotein spikes aomcentrated at the sites from which the
particles will bud. Some host proteins may alsbpgekaged into particles, such as cytoskeletal
proteins or various host factors (e.g. HIV-1 ancclagghilin A). The RNA genome is
incorporated via the interaction of specific nutié® sequences in the RNA (Rgisequences)
with the nucleocapsid (NC) region of the Gag patyemn. [For review of assembly, (1, 79, 85,

149). For review of RNA packaging, (17, 108, 178)]



Protein processing/virion maturation. Upon budding, the precursor proteins must bevel@4o
give rise to a mature particle. This cleavageaisied out by PR, which first cleaves itself out of
its precursor and then cleaves the other polyprsteiThe Gag precursor is cleaved into MA,
which forms a shell within the inner face of themiwane; CA, which condenses to form the
distinctively-shaped virion core; NC, which codie RNA genome; and, in lentiviruses, a fourth
protein which may vary in size (e.g. HIV-1 and gAV and p9). The Pol precursor is cleaved
to yield RT and IN, and the Env precursor to SU @Ml subunits. The morphological change
from an immature particle (spherical core with d@ceon-lucent center) to a mature particle
(condensed electron-dense core structure withtenclise shape) is particularly reliant upon the
processing of the Gag polyprotein. Upon maturatithe virion is ready to re-initiate the

infection cycle. [For review: (2, 14, 29, 51, 838, 179)]

Due to their integration into the host genome orétuses are not easily eliminated by the
host's immune system. The host remains infectedlife and may have chronic low-level
viremia. The effects of retroviral infection vamydely by virus. Since the provirus inserts into
the host genome, each insertion event represemistaion. Over time, accumulation of these
mutations can affect genes involved in cell growtid division, resulting in abnormal cell
proliferation. Many of the simple retroviruses saudisease in this manner, leading to tumor
formation or what are termed “slow” leukemias [Botamples, see (47, 63)]. In addition, some
retroviruses may encode genes that cause rapid tiommation, which they have picked up via
recombination events with the host genome. Thesegare then expressed at high levels in the
infected cell. This type of retrovirus is called acute transforming virus due to its ability to
rapidly transform cells and initiate tumorigenedi89, 202). Finally, there are retroviruses that

are directly cytopathic. This group includes manfythe better-known complex retroviruses,
7



including those which infect humans, such as tmeiMeus HIV-1. Aside from replication-

competent retroviruses and acute transforming vetrees, all cells contain retrovirus-like

elements integrated into the host genome, termetbgamous retroviral elements. These
elements have accumulated over time, cannot bevesare rarely lost, and are usually heavily
methylated and not transcribed. In addition, thdogenous retroviral DNA sequence is usually
not capable of encoding proteins due to numerons sbdons and frameshifts within ORFs.
[For review (142, 169)] In addition, some of thes&roelements can transpose intracellularly.
Such a transposition event essentially createsea/™provirus, insertion of which constitutes a

new mutation within the host’s genome. [For revi®#, 55)]

The study of the retrovirus life cycle has led ke tdevelopment of retroviruses and
retroviral-based vectors as gene transfer toodstidRes can be generated in a packaging cell line
that includeggag, pol andenv genes but which packages the gene to be transfeatieer than
the viral RNA genome (6, 38, 46, 144-146). Thaultésy virus infects cells and the transferred
gene integrates into the host genome. Becausaviralr particles can easily be pseudotyped
with the envelope proteins of other viruses, ie&sy to target these recombinant viruses to a
specific cell type or multiple cell types (60, 123,4). Integration into the host's DNA ensures

that the gene of interest will not be lost upon delision.

Lentiviruses

The best-known retroviruses are those that caussaske in humans, particularly the lentivirus
HIV-1. Although lentiviruses share the same basfection cycle, genes, proteins and virion
morphology as other retroviruses, there are sonpoitant differences particular to this genus.

The most observable difference involves core mdggyo although lentiviruses have spherical

8



cores upon budding, the mature virion has a coaeeth core (23, 32, 59, 157). In addition,
lentiviruses commonly encode the regulatory pratélimt and Rev in addition to the typical
proteins encoded bgag, pol, pro andenv. Tat (Transactivator of transcription) is involved i

driving transcription from the LTR. Basal levelstmanscription are usually low. Tat interacts
with the LTR via a sequence region called the tatigation response element (TAR). Tat then
recruits various transcriptional complexes to th€&RL such as the positive transcription
elongation factor b (pTEFb) complex; this increasks elongation activity of the RNA

polymerase Il complex. [For review (42, 71, 11841185)]

The Rev protein is involved in the translocationuatpliced or partially-spliced mRNA
from the nucleus to the cytoplasm for translationidon encapsidation. Lentiviral genomes are
relatively small, but must express a variety oftgits. This is accomplished via alternative
MRNA splicing, which results in the production oarwus mRNAs from a single RNA
precursor. Three types of mMRNA are transcribedulldength unspliced mRNA that will be
packaged as the viral genome; singly-spliced mRM&oding the major protein precursors;
small multi-spliced transcripts. Most cellular mR&are fully spliced before nuclear export, but
lentiviruses by necessity must export unspliced somgly-spliced transcripts.  This is
accomplished through action of the Rev proteinv Reads to the Rev-response element (RRE)
located near the end of tbev gene and mediates mRNA transport to the cytoplassaide from
these two accessory proteins, lentiviruses mayesspother regulatory proteins. [For review (36,

98, 99, 129, 186)]

Another key lentivirus feature is their ability itafect nondividing cells. It is this ability

that allows lentiviruses such as HIV-1 and EIAV itdect their target cells, which include



quiescent T cells for HIV-1 and macrophages fohhotuses (127, 128, 221). The PIC reaches
the nucleus through the nuclear pore complex. Bseaf the size of the PIC, entry into the
nucleus must require active transport rather thassipe diffusion through the NPC (28, 49, 88,
130, 212). The translocation of the HIV-1 PIC ithe nucleus has been a field of extensive
study, and researchers have sought to identify emaponents critical for this process as well as

the cellular machinery involved. This process Wwéldiscussed in further detail below.

Equine infectious anemia virus (EIAV)

HIV-1 is the best-known lentivirus, but a numberather lentiviruses also induce long-term
persistent infections that cause diseases whiclhaaa serious health ramifications for the host.
One such virus is EIAV. EIAV is a member of thenfarimate lentivirus group, which also
includes visna/maedi virus (VMV), caprine arthrgiscephalitis virus (CAEV) and feline and
bovine immunodeficiency viruses (FIV and BIV). BlAvas the first retrovirus associated with
disease, being identified as a causative “filtexadgjent” in 1904. EIAV is transmitted through
blood exposure, either through unsterile neediesstusions from infected carriers, or through
insect vectors (69, 70). The most common methoglasismission is through bites from horse
flies or other hematophagous insects. The virusarsied on the insect's mouth parts after a
blood meal from an infected carrier (44, 94, 10Ihe pathogenesis of EIAV infection is unique.
The course of the disease can be divided into tdigtnct phases. The acute phase occurs
shortly after infection and is marked by fever am@émia. These symptoms are usually mild and
few animals succumb to the disease at this pof,(153). The next phase is called the chronic
phase. This stage lasts 1-12 months and is cleaimed by recurrent cycles of severe anemia

and high titers of circulating virions (102, 12631 164). If the infected animal survives the

10



chronic phase, it enters the asymptomatic phaseortrast to other lentiviruses such as HIV-1,
in which carriers slowly succumb to degenerativeedses within a few years of infection,
ElAV-infected horses transition from the chronicaph to a stage marked by a lack of clinical
symptoms. However, carriers remain infected fta &nd can still transmit the virus through
blood exposure. During the asymptomatic phasemia is extremely low (37, 101, 116, 126,
180, 190). This phase is reversible, and animalg re-enter the chronic phase and recurrent
bouts of anemia. Immune response is clearly afitfor maintenance of the asymptomatic
phase, as administration of immunosuppressive demgs to disease recrudescence (41, 119,

174, 209).

EIAV undergoes the life cycle steps typical of r@roviruses and exhibits characteristic
lentiviral structure. However, it does have somé&jue features that differentiate it from other

lentiviruses, which will be summarized below.

11
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Figure 1-1. The infection cycle of EIAV and other retroviruses.
From Leroux et al. EIAV: what has HIV's country cousin got to tell us? Vet. Res. 35 (2004) 485-512

EIAV entry and the céllular receptor. EIAV is an exclusively macrophage-tropic virus. igh

particular type of tropism is shared by VMV and CABEwvhich infect sheep and goats and are
referred to as small ruminant lentiviruses (SRLVSRLVs infect monocytes and macrophages.
Infection of monocytes requires their subsequenturaion to macrophages for active virus
replication (158, 159, 168, 195). EIAV infects atifating blood macrophages which then
disseminate the virus to mononuclear phagocytegiious organs. The main sites of virus

replication are macrophages in the liver and sp{&ééB8).

The viral envelope SU region (gp90) is predictedhéosimilar to that of HIV-1 (73, 74).

This region is the predominant site of antigenigateon (127, 128, 225). A cellular receptor for

12



EIAV has been identified fairly recently. Equirentivirus receptor-1 (ELR1) is a member of
the tumor necrosis factor receptor (TNFR) superfamDther retroviruses, including FIV and
avian sarcoma-leukosis virus (ASLV), also use TN#Bteins as receptors (3, 25). ELR1 is
sufficient for EIAV entry; no coreceptors are negde contrast to HIV-1 and other lentiviruses.
In addition, ELR1-mediated entry of EIAV is pH-depkent (106, 221). A complex of a
proteoglycan and a protein kinase has been idedtiis a functional receptor for VMV,
suggesting that ungulate lentiviruses with excleismaacrophage tropism such as EIAV and
VMV may have a common entry mechanism in whichraylsi receptor protein mediates pH-
dependent endocytosis (12, 27, 106). In addiitois, hypothesized that those lentiviruses with
monocyte/macrophage tropism, like the ungulateveonses, have evolved to use receptors that
will activate normally quiescent target cells, le@dto enhanced gene expression and virus
replication in these nondividing cells. TNFR prote activate diverse signal transduction
pathways and the VMV receptor complex is associatéd activation of mitogen-activated
protein kinase pathways (12, 13, 139, 192). Cumesearch is ongoing to determine the cellular
expression profile of the ELR1 recepiorvivo. NIH 3T3 cells expressing ELR1 and equine
cyclin T1 are permissive for EIAV replication. &udition, ELR1 is expressed in all cell types
permissive for EIAV infection, including macrophagesquine dermal fibroblasts and fetal
equine kidney cells. ELR1 has not been detectetbimmpermissive cell types, such as equine
lymphocytes, simian or human cell lines (222).atldition, it is not yet known whether ELR1 is

the only functional cellular receptor for EIAV.

EIAV proteins. The EIAV genome is 8.2 kb, the smallest and sintgéshe lentiviruses (Fig.
1-2B). Gag and pol genes are translated from the full-length viral RKL62). The Gag

polyprotein (Pr55) is cleaved by protease into fetmuctural proteins: MA (p15), CA (p26), NC
13



(p11) and p9. EIAV MA is associated with the infiace of the viral membrane and shows
many structural similarities with HIV-1 MA. HowexeHIV-1 MA is myristylated and EIAV
MA is not (89). The p9 protein is analogous t@ldbomain proteins such as HIV-1 p6. The p9
protein is involved in particle budding but als@ays a role in the nuclear import of proviral
DNA (33, 105, 150, 175, 176, 198l products include RT, PR, IN, and a dUTPase (198, 1
204). The dUTPase protein pl15 is essential foEl@plication in macrophage<nv encodes
gp90 and gpl145 (128). Besidgey, pol, andenv, EIAV has three additional reading frames that
encode the proteins Tat, Rev and S2 from multisdlizanscripts (177, 196). Rev mediates the
transport of viral mMRNAs from the nucleus to théopyasm by interacting with an RRE (15, 35,
126, 147). EIAV Tat interacts with the viral LTRrough a TAR element to drive transcription.
Tat recruits the pTEFb complex, which is compose@DK9 kinase and cyclin T1. Despite the
fact that EIAV Tat and TAR elements are highly dgent from those of HIV-1, a similar
process involving cyclin T1 is involved in HIV-1 ge expression (4, 18, 22, 126, 137, 200).
Murine NIH 3T3 cells engineered to express the pemeELR1 and equine cyclin T1 are
permissive for EIAV replication, indicating thatethe two factors are sufficient for infection and
murine cells do not contain negative host factbet block infection (222). EIAV is unique
among lentiviruses in having only one accessoryedssidedat andrev. This is theS2 gene.
The S2 protein is not required vitro for virion production and is not packaged intoiofis.
However, it is present in all EIAV strains andegjuired for infectionn vivo. Currently, it is not
known what the exact function of S2 is, althougleast two-hybrid screen has identified several
cellular proteins that interact with S2. One polgsifunction to date is to increase the gene

expression of pro-inflammatory cytokines and cheimex (39, 40, 62, 132, 133, 170, 188).
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Figure 1-2. The EIAV virion (A) and proviral genome (B).
From Leroux et al. EIAV: what has HIV’s country cousin got to tell us? Vet. Res. 35 (2004) 485-512

EIAV capsid (CA). The EIAV core complex within the lipid membranetbé virion is mostly
composed of CA protein (p26). When virions aremad by thin-section electron microscopy,
the characteristic cone shape of the inner virat @® easily observed (Fig. 1-3A). This type of
structure is called a fullerene cone: a variablyved shell composed of hexamers and
pentamers of CA (Fig. 1-3B) (81). The EIAV virabre complex exhibits the typical cone-
shaped morphology that is the hallmark of lentises. Like HIV-1 CA, EIAV CA forms dimers
in solution. However, in mature lentiviral virian€A condenses to form a fullerene cone: a
hexagonal lattice of CA monomers which are closgdplentons [reviewed (80)]. Each
hexagonal unit of the fullerene cone representsxameric ring of six CA monomers (Fig. 1-
3C) (24, 78, 124, 134, 160). These fullerene cstnectures can be purified from detergent-

treated EIAV virions and retain their cone shapdaurelectron microscopy [(182), Appendix].
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The simple purification of these complexes andrtlagility to retain their three-dimensional

state after isolation suggests that EIAV cores bmynusually stable.

Capsid Hexamer

Fullerene Cone

Figure 1-3. The lentiviral core complex is a fullerene cone posed of CA hexamers.(A) An electron
micrograph of a HIV-1 virion.(B) The structure of a fullerene cone. A single CAdmaer is highlighted in yellow.
(C) The structure of an individual CA hexamer, witlcleaf the six CA monomers portrayed in a differesior.

The structure of EIAV CA has been solved (107) AEICA has 30% sequence identity with
HIV-1 CA (87). Like HIV-1 CA, EIAV CA consists asevena-helices forming the N-terminal
domain (NTD) and fouri-helices forming the carboxyl-terminal domain (CT®)th a linker
region between the two (Fig. 1-4). Like HIV-1, BIACA has a proline-rich loop between
helices 4-5 in the NTD. This loop in HIV-1 CA hdsrolines in 17 amino acid residues, and
assumes bothis andtrans conformations (76, 77, 82, 210). The EIAV prolmeh loop has 7

prolines in 19 residues and adopts onlyttlhes conformation in the crystal (107).
16



Amino Terminal Domain

—>

EIAV HIV-1

Carboxy Terminal Domain I

EIAV HIV-1

Figure 1-4. The EIAV and HIV-1 CA share similar domain struesir The proline-rich loop found in the amino-
terminal domain of both CA proteins is indicatedhablack arrows. Figure adapted from (30).

The HIV-1 CA is the target of several cellular hésttors that can affect infectivity, primarily
during the uncoating step but also during nuclegpart. EIAV CA has also been shown to
interact with some of these same factors (see heldwese similarities between the CA proteins
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of these two viruses, along with the ease of igajaintact EIAV core structures, make EIAV an

attractive candidate for the study of lentivirapsals.

Cdlular host factors: uncoating. The incoming retroviral CA is a target for cellulaost
factors that modulate the uncoating process. Hastiors may influence uncoating either
positively or negatively. One class of factorstthagatively affect uncoating have been called
restriction factors (93, 97, 120, 165, 166). THRINI5a proteins are an example of restriction
factors. It has been shown that TRiiM&om Old World monkeys such as the rhesus macaque
binds the HIV-1 capsid and accelerates the disdsiyenf the core complex. This leads to a
severe block in HIV-1 infection that usually occymsor to reverse transcription. In addition,
human TRIM&x exhibited similar inhibitory effects on N-MLV inétion (52, 53, 173, 199).
EIAV infection is severely restricted by rhesus WBb and restricted to a lesser extent by

human TRIM&x (92, 207).

Cyclophilin A is an example of a host factor thaispively modulates uncoating.
Cyclophilin A (CypA) interacts with the HIV-1 CA.lt is a peptidyl prolyl isomerase whose
normal cellular function is catalysis of tbis/trans isomerization of proline peptide bonds (84).
CypA binds HIV-1 CA via the proline-rich loop loeat in the NTD of CA. Residues Gly89 and
Pro90 are the primary CypA recognition motif (76,02 224). Disruption of this binding,
whether through amino acid alteration or applicatéthe drug cyclosporine A (CsA), results in
decreased HIV-1 infection in certain cell types,(169, 114, 136, 217). EIAV CA has a
proline-rich loop very similar to that of HIV-1; ever, treatment of cells with CsA does not

affect infectivity, suggesting that CypA binding mot required for EIAV infectivity. The
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proline-rich loop region of EIAV is an attractivaraidate for further study, due to this region

being critical for infectivity of several other lgviruses.

Cdlular host factors: nuclear import. The early stages of the retroviral infection cyale
often pictured sequentially, with reverse trandaip and integration happening after uncoating
has already taken place. Both reverse transcnimal integration involve large nucleoprotein
complexes. Reverse transcriptase converts virah Ritb double-stranded DNA in the reverse
transcription complex (RTC) (65, 66). Viral DNAters the nucleus in the form of the PIC, at
which time it is integrated into the host genom®, (26, 72). Initially, it was believed that
uncoating must be complete before reverse trarsmrigould begin, as very little CA remains
associated with the RTC (65, 66, 100). Howevel-Hlis able to initiate reverse transcription

within the intact core complax vitro (223).

Unlike simple retroviruses, lentiviruses are aladanfect non-dividing cells, such as the
macrophage, the host cell type of EIAV. Therefdhese viruses must be able to cross the
nuclear envelope that separates nucleus and cgto201). Lentiviruses are believed to enter
the nucleus through the nuclear pore complex (NRC2, 131). Molecules can move through
the NPC either by passive diffusion or active tpms As the PIC is too large to enter by
diffusion (> 9 nm limit), it must be actively trgoarted by the cellular import machinery (28, 49,
88, 130, 152, 212). Various studies have identifseveral components of NPC transport
machinery involved in HIV-1 PIC nuclear entry, inding nucleoporins (NUPSs), importins and
karyopherins (8, 58, 75, 220). More recently, siRdtreens have identified critical transport
proteins by examining the effects of depletionatigroteins on HIV-1 infection (21, 118, 226).

One such protein identified was transportin 3 (TRROTNPOS3 is a member of the karyopherin
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B superfamily and transports proteins with serirggfane motifs into the nucleus (110, 122,
123). Additional proteins identified were NPC campnts NUP153, NUP358 and NUP155 (21,
118). On the viral side of nuclear transport, salvEllV-1 proteins have been assigned roles as
well. These include MA, Vpr and IN as well as tBNA flap formed during reverse
transcription (104). However, a definitive role these proteins has not been established, and
viruses with these proteins mutated in combinationld still infect nondividing cells (50, 64).
Yamashitaet al. have shown that the definitive requirement forleac import of the PIC is
instead CA (215, 216). This suggests that CA guired beyond the step of core disassembly
and that the minimal amounts of CA that remain essed with the nucleoprotein complexes

post-uncoating play a critical role in subsequemtyeinfectivity steps.

Because TNPO3 was identified as an IN binding factaa yeast two-hybrid screen, it
was initially thought that the requirement of HIVidr TNPO3 in nuclear import would map to
IN (34). However, it mapped instead to CA. CA anitN74D does not require TNPOS3 for
infection (7, 48, 121, 125, 140, 187, 205). In iadd, the requirement for NUP153 is
determined by CA as well. Matreyekal. demonstrated that chimeric HIV-1 viruses contajnin

CA from MLV were insensitive to NUP153 depletiorb(d.

To date, most studies of nuclear import/CA requeeta have focused on HIV-1.
However, the interaction of HIV-1 with CypA has cplicated interpretation of some data. CsA
treatment renders wild-type HIV-1 insensitive to R153 knockdown (151). However, SIVmac
is highly sensitive to NUP153 knockdown despite lmioding CypA (20, 151). In addition, the
HIV-1 CA mutant N74D is insensitive to TNPO3 knookeh but is more sensitive to CsA

treatment and is also unable to infect macrophé@ges Aside from CypA’s effects on nuclear
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import, Li et al. have demonstrated that the CypA/CA interaction e#&her stabilize or

destabilize the incoming HIV-1 CA, depending on tamet cell type (136). EIAV has a loop
region similar to HIV-1's CypA-binding loop but deeot bind CypA. Therefore, experiments
involving EIAV CA and nuclear import should be easio interpret without confounding results
due to CypA. A study investigating the TNPO3 damr&quired for virus import has shown that
EIAV is extremely sensitive to TNPO3 depletion ghdt the same TNPO3 motifs (the cargo-

binding domain) are required for HIV-1 and EIAV &ation (140).

Recent studies have shown that the role of CA dussend at the uncoating step.
Rather, CA remains a critical infectivity factorrdighout the early stages of infection up to
integration of the provirus. Due to its similaggito HIV-1 CA and its purported stability, we
postulated that the EIAV CA would be an attractiasget for mutagenesis. As both HIV-1 and
EIAV contain the amino-terminal proline-rich loopnd changes to this loop affect HIV-1
uncoating, we expected that the introduction ofngles in this region would affect infectivity
during the uncoating step. We aligned the looporegy of HIV-1 and EIAV and introduced
amino acid substitutions at conserved residueduéixg the prolines (Fig. 1-5). Chapter 2
contains the results of experiments on these mataBriefly, we saw that some changes did
affect infectivity, in both negative and positivieetttions. For those mutants that had deleterious
effects, infectivity was abrogated to a severe eegrUnexpectedly, the changes did not affect
uncoating or reverse transcription. However, thosgants with infectivity defects exhibited
markedly decreased production of 2-LTR circles anaviral DNA. This suggests that these
particular mutants have defects in nuclear impdemonstrating that EIAV CA should be

investigated further as a target for the nuclegrarnprocess. These mutants in particular may

21



be useful tools for future research investigating involvement of CA in the nuclear import of

lentiviruses.

Helix 4

Helix 6

Figure 1-5. Amino acid substitutions introduced into the EIA\A @roline-rich loop. The loop is highlighted in
pale gray. Amino acids chosen for substitutioniadécated in red.

22



REFERENCES

10.

11.

12.

13.

14.

Adamson, C. S., and E. O. Freed®2007. Human immunodeficiency virus type 1 assembly
release, and maturation. Adv Pharmas®mB47-87.

Adamson, C. S., K. Salzwedel, and E. O. Freed009. Virus maturation as a new HIV-1
therapeutic target. Expert Opin Ther Tard2895-908.

Adkins, H. B., J. Brojatsch, and J. A. Young2000. Identification and characterization of a
shared TNFR-related receptor for subgroup B, D,Emagian leukosis viruses reveal cysteine
residues required specifically for subgroup E vinairy. J Virol74:3572-78.

Albrecht, T. R., L. H. Lund, and M. A. Garcia-Blanco. 2000. Canine cyclin T1 rescues equine
infectious anemia virus tat trans-activation in lamneells. Virology268:7-11.

Aloni, Y. 1981. Splicing of viral mRNAs. Prog Nucleic Acige®Mol Biol25:1-31.

Amado, R. G., and I. S. Chen1999. Lentiviral vectors--the promise of gene aipgrwithin
reach? Scienc285:674-6.

Ambrose, Z., K. Lee, J. Ndjomou, H. Xu, I. Oztop, JMatous, T. Takemura, D. Unutmaz, A.
Engelman, S. H. Hughes, and V. N. KewalRamanHuman immunodeficiency virus type 1
capsid mutation N74D alters cyclophilin A dependeand impairs macrophage infection. J
Virol 86:4708-14.

Ao, Z., K. Danappa Jayappa, B. Wang, Y. Zheng, S.Whg, E. Rassart, R. Depping, M.
Kohler, E. A. Cohen, and X. Yao.mportin alpha3 interacts with HIV-1 integrase and
contributes to HIV-1 nuclear import and replicatidrVirol 84:8650-63.

Arhel, N. Revisiting HIV-1 uncoating. Retrovirolog.96.

Arts, E. J., and M. A. Wainberg.1996. Human immunodeficiency virus type 1 reverse
transcriptase and early events in reverse trarigmmipAdv Virus Res16:97-163.

Barbacid, M., and S. A. Aaronson.1978. Membrane properties of the gag gene-codgd p1l
protein of mouse type-C RNA tumor viruses. J Bibke@1253:1408-14.

Barber, S. A., L. Bruett, and J. E. Clements2000. Involvement of a membrane-associated
serine/threonine kinase complex in cellular bindwgisna virus. Virology274:321-30.

Barber, S. A., L. Bruett, B. R. Douglass, D. S. Hést, M. C. Zink, and J. E. Clements2002.
Visna virus-induced activation of MAPK is requirtxt virus replication and correlates with
virus-induced neuropathology. J Viro$:817-28.

Bashirova, A. A., G. Bleiber, Y. Qi, H. HutchesonT. Yamashita, R. C. Johnson, J. Cheng,

G. Alter, J. J. Goedert, S. Buchbinder, K. Hoots, DVlahov, M. May, F. Maldarelli, L.
Jacobson, J. O'Brien S, A. Telenti, and M. Carringbn. 2006. Consistent effects of TSG101

23



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

genetic variability on multiple outcomes of expastos human immunodeficiency virus type 1. J
Virol 80:6757-63.

Belshan, M., M. E. Harris, A. E. Shoemaker, T. J. ldpe, and S. Carpenter1998. Biological
characterization of Rev variation in equine infeat anemia virus. J Virg12:4421-6.

Berger, E. A.1997. HIV entry and tropism: the chemokine receptmnection. Aidd1 Suppl
A:S3-16.

Berkowitz, R., J. Fisher, and S. P. Goff1996. RNA packaging. Curr Top Microbiol Immunol
214:177-218.

Bieniasz, P. D., T. A. Grdina, H. P. Bogerd, and ER. Cullen. 1999. Highly divergent
lentiviral Tat proteins activate viral gene expressy a common mechanism. Mol Cell Biol
19:4592-9.

Bowerman, B., P. O. Brown, J. M. Bishop, and H. EVarmus. 1989. A nucleoprotein complex
mediates the integration of retroviral DNA. Gene=/B:469-78.

Braaten, D., E. K. Franke, and J. Luban.1996. Cyclophilin A is required for the replicatiof
group M human immunodeficiency virus type 1 (HIVak)d simian immunodeficiency virus
SIV(CPZ)GAB but not group O HIV-1 or other primatemunodeficiency viruses. J Virol
70:4220-7.

Brass, A. L., D. M. Dykxhoorn, Y. Benita, N. Yan, A Engelman, R. J. Xavier, J. Lieberman,
and S. J. Elledge2008. Identification of host proteins required itV infection through a
functional genomic screen. Scier8k9:921-6.

Brigati, C., M. Giacca, D. M. Noonan, and A. Albini 2003. HIV Tat, its TARgets and the
control of viral gene expression. FEMS Microbioktt 220:57-65.

Briggs, J. A., and H. G. Krausslich.The molecular architecture of HIV. J Mol Bi#10:491-
500.

Briggs, J. A., M. N. Simon, |. Gross, H. G. Krauséth, S. D. Fuller, V. M. Vogt, and M. C.
Johnson.2004. The stoichiometry of Gag protein in HIV-1at\6truct Mol Biol11:672-5.

Brojatsch, J., J. Naughton, M. M. Rolls, K. Zingler, and J. A. Young.1996. CAR1, a TNFR-
related protein, is a cellular receptor for cyttyp@avian leukosis-sarcoma viruses and mediates
apoptosis. CelB7:845-55.

Brown, P. O., B. Bowerman, H. E. Varmus, and J. MBishop. 1989. Retroviral integration:
structure of the initial covalent product and iteqursor, and a role for the viral IN protein. Proc
Natl Acad Sci U S /86:2525-9.

Bruett, L., S. A. Barber, and J. E. Clements2000. Characterization of a membrane-associated
protein implicated in visna virus binding and irtfen. Virology 271:132-41.

24



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Bukrinsky, M. I., N. Sharova, M. P. Dempsey, T. LStanwick, A. G. Bukrinskaya, S.
Haggerty, and M. Stevenson1992. Active nuclear import of human immunodefig virus
type 1 preintegration complexes. Proc Natl Acadlb&i A89:6580-4.

Caballe, A., and J. Martin-Serrano. ESCRT machinery and cytokinesis: the road to daurgh
cell separation. Traffi€2:1318-26.

Campos-Olivas, R., J. L. Newman, and M. F. Summer&000. Solution structure and
dynamics of the Rous sarcoma virus capsid proteincamparison with capsid proteins of other
retroviruses. J Mol Bio296:633-49.

Carter, C., and G. Zybarth. 1994. Processing of retroviral Gag polyproteimsiravitro
approach. Methods Enzyma41:227-53.

Chatterjee, S., S. Basak, and N. C. Kharl.992. Morphogenesis of human immunodeficiency
virus type 1. Pathobiolog§0:181-6.

Chen, C., F. Li, and R. C. Montelaro.2001. Functional roles of equine infectious anevirias
Gag p9 in viral budding and infection. J Viig$:9762-70.

Christ, F., W. Thys, J. De Rijck, R. Gijsbers, A. Abanese, D. Arosio, S. Emiliani, J. C. Rain,
R. Benarous, A. Cereseto, and Z. Debyse2008. Transportin-SR2 imports HIV into the
nucleus. Curr Bioll8:1192-202.

Chung, H., and D. Derse2001. Binding sites for Rev and ASF/SF2 map t&-abcleotide
purine-rich exonic element in equine infectiousraizgevirus RNA. J Biol Cher276:18960-7.

Clements, J. E.1991. Genetic regulation of the ungulate lentisésl Aidss Suppl 2:515-20.

Coggins, L., N. L. Norcross, and S. R. Nusbaum972. Diagnosis of equine infectious anemia
by immunodiffusion test. Am J Vet R88:11-8.

Cosset, F. L., and S. J. Russell996. Targeting retrovirus entry. Gene TB&46-56.

Covaleda, L., F. J. Fuller, and S. L. PaynezIAV S2 enhances pro-inflammatory cytokine and
chemokine response in infected macrophages. Viyd83:217-23.

Covaleda, L., B. T. Gno, F. J. Fuller, and S. L. Bme. Identification of cellular proteins
interacting with equine infectious anemia virusgatein. Virus Re451:235-9.

Craigo, J. K., C. Leroux, L. Howe, J. D. SteckbeckS. J. Cook, C. J. Issel, and R. C.
Montelaro. 2002. Transient immune suppression of inapparamiees infected with a principal
neutralizing domain-deficient equine infectious @méa virus induces neutralizing antibodies and
lowers steady-state virus replication. J Gen V@&it1353-9.

Cullen, B. R.1991. Regulation of HIV-1 gene expression. Fase2361-8.

Cullen, B. R.1998. Retroviruses as model systems for the stfidyclear RNA export
pathways. Virology249:203-10.

25



44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Cupp, E. W., and M. J. Kemen.1980. The role of stable flies and mosquitoe$fian t
transmission of equine infectious anemia virusconu Meet U S Anim Health Ass&zl:362-
7.

Dahlberg, J. E.1988. An overview of retrovirus replication andsdification. Adv Vet Sci
Comp Med32:1-35.

Danos, O., and R. C. Mulligan1988. Safe and efficient generation of recombimeaimoviruses
with amphotropic and ecotropic host ranges. PratAN&ad Sci U S A85:6460-4.

Davis, B. R., B. K. Brightman, K. G. Chandy, and HFan. 1987. Characterization of a
preleukemic state induced by Moloney murine leulewius: evidence for two infection events
during leukemogenesis. Proc Natl Acad Sci U 8444875-9.

De laco, A., and J. Luban.nhibition of HIV-1 infection by TNPOS3 depletios determined by
capsid and detectable after viral cDNA enters thdaus. Retrovirologg:98.

de Noronha, C. M., M. P. Sherman, H. W. Lin, M. V.Cavrois, R. D. Moir, R. D. Goldman,
and W. C. Greene.2001. Dynamic disruptions in nuclear envelope iggcture and integrity
induced by HIV-1 Vpr. Scienc294:1105-8.

De Rijck, J., L. Vandekerckhove, F. Christ, and ZDebyser.2007. Lentiviral nuclear import:
a complex interplay between virus and host. Biogs88:441-51.

Demirov, D. G., and E. O. Freed2004. Retrovirus budding. Virus R&86:87-102.
Diaz-Griffero, F., A. Kar, M. Lee, M. Stremlau, E. Poeschla, and J. Sodrosk007.
Comparative requirements for the restriction ofaatus infection by TRIM5alpha and
TRIMCyp. Virology 369:400-10.

Diaz-Griffero, F., M. Perron, K. McGee-Estrada, R.Hanna, P. V. Maillard, D. Trono, and
J. Sodroski.2008. A human TRIM5alpha B30.2/SPRY domain muggins the ability to
restrict and prematurely uncoat B-tropic murinekbzuaia virus. Virology378:233-42.

Doolittle, R. F., and D. F. Feng1992. Tracing the origin of retroviruses. Curr Tdjzrobiol
Immunol176:195-211.

Doolittle, R. F., D. F. Feng, M. S. Johnson, and MA. McClure. 1989. Origins and
evolutionary relationships of retroviruses. Q RewlB4:1-30.

Doolittle, R. F., D. F. Feng, M. A. McClure, and M.S. Johnson1990. Retrovirus phylogeny
and evolution. Curr Top Microbiol Immun@b7:1-18.

Duesberg, P. H., G. S. Martin, and P. K. Vogt1970. Glycoprotein components of avian and
murine RNA tumor viruses. Virologg1:631-46.

Ebina, H., J. Aoki, S. Hatta, T. Yoshida, and Y. Kganagi. 2004. Role of Nup98 in nuclear
entry of human immunodeficiency virus type 1 cDNMicrobes Infec:715-24.

26



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Egberink, H., and M. C. Horzinek. 1992. Animal immunodeficiency viruses. Vet Microbi
33:311-31.

Emi, N., T. Friedmann, and J. K. Yee1991. Pseudotype formation of murine leukemiasviru
with the G protein of vesicular stomatitis virus/idol 65:1202-7.

Engelman, A.1999. In vivo analysis of retroviral integraseusture and function. Adv Virus Res
52:411-26.

Fagerness, A. J., M. T. Flaherty, S. T. Perry, B.id, S. L. Payne, and F. J. Fuller2006. The
S2 accessory gene of equine infectious anemia ig@ressential for expression of disease in
ponies. Virology349:22-30.

Fan, H. 1997. Leukemogenesis by Moloney murine leukemiasvia multistep process. Trends
Microbiol 5:74-82.

Fassati, A.2006. HIV infection of non-dividing cells: a diwig problem. Retrovirolog®:74.

Fassati, A., and S. P. Goff2001. Characterization of intracellular reversascription
complexes of human immunodeficiency virus type Yirdl 75:3626-35.

Fassati, A., and S. P. Goff1999. Characterization of intracellular reversagcription
complexes of Moloney murine leukemia virus. J Vir8t8919-25.

Fields, B. N., D. M. Knipe, P. M. Howley, and Ovidrechnologies Inc.2007, posting date.
Fields' virology. Wolters kluwer/Lippincott William& Wilkins 5th. [Online.]

Fitzgerald, P. M., and J. P. Springer.1991. Structure and function of retroviral prog&sasAnnu
Rev Biophys Biophys Che20:299-320.

Foil, L. D., W. V. Adams, J. M. McManus, and C. Jissel.1987. Bloodmeal residues on
mouthparts of Tabanus fuscicostatus (Diptera: Tialaa) and the potential for mechanical
transmission of pathogens. J Med Ento@#ib13-6.

Foil, L. D., C. L. Meek, W. V. Adams, and C. J. Issl. 1983. Mechanical transmission of equine
infectious anemia virus by deer flies (Chrysopsiflas) and stable flies (Stomoxys calcitrans).
Am J Vet Regl4:155-6.

Frankel, A. D. 1992. Activation of HIV transcription by Tat. Cudpin Genet De2:293-8.

Fujiwara, T., and K. Mizuuchi. 1988. Retroviral DNA integration: structure ofiategration
intermediate. Celb4:497-504.

Gallaher, W. R., J. M. Ball, R. F. Garry, M. C. Griffin, and R. C. Montelaro. 1989. A

general model for the transmembrane proteins of &H¥f other retroviruses. AIDS Res Hum
Retroviruse$:431-40.

27



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Gallaher, W. R., J. M. Ball, R. F. Garry, A. M. Martin-Amedee, and R. C. Montelaro.1995.
A general model for the surface glycoproteins o¥ ldhd other retroviruses. AIDS Res Hum
Retrovirused1:191-202.

Gallay, P., T. Hope, D. Chin, and D. Trono1997. HIV-1 infection of nondividing cells through
the recognition of integrase by the importin/katyepn pathway. Proc Natl Acad Sci U S A
94:9825-30.

Gamble, T. R., F. F. Vajdos, S. Yoo, D. K. Worthylke, M. Houseweart, W. |. Sundquist,
and C. P. Hill. 1996. Crystal structure of human cyclophilin A bduo the amino-terminal
domain of HIV-1 capsid. Ce87:1285-94.

Gamble, T. R., S. Yoo, F. F. Vajdos, U. K. von Scledler, D. K. Worthylake, H. Wang, J. P.
McCutcheon, W. I. Sundquist, and C. P. Hill.1997. Structure of the carboxyl-terminal
dimerization domain of the HIV-1 capsid proteini€bce278:849-53.

Ganser-Pornillos, B. K., A. Cheng, and M. Yeager2007. Structure of full-length HIV-1 CA: a
model for the mature capsid lattice. CE1:70-9.

Ganser-Pornillos, B. K., M. Yeager, and O. Pornills. Assembly and architecture of HIV. Adv
Exp Med Biol726:441-65.

Ganser-Pornillos, B. K., M. Yeager, and W. I. Sundgist. 2008. The structural biology of HIV
assembly. Curr Opin Struct Bi&B:203-17.

Ganser, B. K., S. Li, V. Y. Klishko, J. T. Finch, ad W. I. Sundquist. 1999. Assembly and
analysis of conical models for the HIV-1 core. $ce283:80-3.

Gitti, R. K., B. M. Lee, J. Walker, M. F. Summers,S. Yoo, and W. |. Sundquist1996.
Structure of the amino-terminal core domain ofkit€-1 capsid protein. Scien@/3:231-5.

Goff, S. P.1990. Retroviral reverse transcriptase: synthesigcture, and function. J Acquir
Immune Defic SyndB:817-31.

Gothel, S. F., and M. A. Marahiel.1999. Peptidyl-prolyl cis-trans isomerases, a dapaly of
ubiquitous folding catalysts. Cell Mol Life S§5:423-36.

Gottlinger, H. G. 2001. The HIV-1 assembly machine. Altls Suppl 5513-20.

Gottlinger, H. G., J. G. Sodroski, and W. A. Haselhe. 1989. Role of capsid precursor
processing and myristoylation in morphogenesisiafattivity of human immunodeficiency
virus type 1. Proc Natl Acad Sci U S86:5781-5.

Goudsmit, J., D. J. Houwers, L. Smit, and I. M. Nata. 1986. LAV/HTLV-IIl gag gene

product p24 shares antigenic determinants withregimfectious anemia virus but not with visna
virus or caprine arthritis encephalitis virus. Inieology 26:169-73.

Greene, W. C., and B. M. Peterlin2002. Charting HIV's remarkable voyage throughclé
Basic science as a passport to future therapyMddi8:673-80.

28



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Hatanaka, H., O. lourin, Z. Rao, E. Fry, A. Kingsman, and D. |. Stuart. 2002. Structure of
equine infectious anemia virus matrix protein. do\/v6:1876-83.

Hatfield, D., and S. Oroszlan.1990. The where, what and how of ribosomal frarifiéasty in
retroviral protein synthesis. Trends Biochem BE&il86-90.

Hatfield, D. L., J. G. Levin, A. Rein, and S. Oroslan. 1992. Translational suppression in
retroviral gene expression. Adv Virus REs193-239.

Hatziioannou, T., S. Cowan, S. P. Goff, P. D. Bieassz, and G. J. Towers2003. Restriction of
multiple divergent retroviruses by Lvl and Refl.l#nd22:385-94.

Hatziioannou, T., D. Perez-Caballero, A. Yang, S. @van, and P. D. Bieniasz2004.
Retrovirus resistance factors Refl and Lv1 areispe&pecific variants of TRIM5alpha. Proc
Natl Acad Sci U S AL01:10774-9.

Hawkins, J. A., W. V. Adams, L. Cook, B. H. Wilsonand E. E. Roth.1973. Role of horse fly
(Tabanus fuscicostatus Hine) and stable fly (Store@alcitrans L.) in transmission of equine
infectious anemia to ponies in Louisiana. Am J Ret34:1583-6.

Hayward, W. S., and B. G. Neel1981. Retroviral gene expression. Curr Top Miapobbi
Immunol91:217-76.

Henderson, L. E., H. C. Krutzsch, and S. Oroszlanl983. Myristyl amino-terminal acylation
of murine retrovirus proteins: an unusual post4alational proteins modification. Proc Natl Acad
Sci U S A80:339-43.

Hofmann, W., D. Schubert, J. LaBonte, L. Munson, SGibson, J. Scammell, P. Ferrigno,
and J. Sodroski.1999. Species-specific, postentry barriers to @grmmmunodeficiency virus
infection. J Virol73:10020-8.

Hope, T. J.1999. The ins and outs of HIV Rev. Arch Biochermiiys365:186-91.

Hope, T. J.1997. Viral RNA export. Chem Bial:335-44.

lordanskiy, S., R. Berro, M. Altieri, F. Kashanchi, and M. Bukrinsky. 2006. Intracytoplasmic
maturation of the human immunodeficiency virus t§peverse transcription complexes
determines their capacity to integrate into chramadetrovirology3:4.

Issel, C. J., W. V. Adams, Jr., L. Meek, and R. Oaba. 1982. Transmission of equine
infectious anemia virus from horses without clihisigns of disease. J Am Vet Med Assoc
180:272-5.

Issel, C. J., and L. Coggins1979. Equine infectious anemia: current knowledgém Vet Med
Assocl74:727-33.

Jacks, T.1990. Translational suppression in gene expressicgtroviruses and
retrotransposons. Curr Top Microbiol Immurid&7:93-124.

29



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Jayappa, K. D., Z. Ao, and X. YaoThe HIV-1 passage from cytoplasm to nucleus: tioegss
involving a complex exchange between the comporatsV-1 and cellular machinery to
access nucleus and successful integration. InbdhBm Mol Biol3:70-85.

Jin, S., C. Chen, and R. C. Montelaro2005. Equine infectious anemia virus Gag p9 fuomciin
early steps of virus infection and provirus prodwetJ Virol 79:8793-801.

Jin, S., B. Zhang, O. A. Weisz, and R. C. Montelar®005. Receptor-mediated entry by equine
infectious anemia virus utilizes a pH-dependenbegtic pathway. J ViroV9:14489-97.

Jin, Z., L. Jin, D. L. Peterson, and C. L. Lawson1999. Model for lentivirus capsid core
assembly based on crystal dimers of EIAV p26. J Blol 286:833-93.

Johnson, S. F., and A. TelesnitskyRetroviral RNA dimerization and packaging: the tylnw,
when, where, and why. PLoS Pathig1001007.

Kallen, J., C. Spitzfaden, M. G. Zurini, G. Wider, H. Widmer, K. Wuthrich, and M. D.
Walkinshaw. 1991. Structure of human cyclophilin and its bingdsite for cyclosporin A
determined by X-ray crystallography and NMR spesttopy. Natur&53:276-9.

Kataoka, N., J. L. Bachorik, and G. Dreyfuss1999. Transportin-SR, a nuclear import receptor
for SR proteins. J Cell Bidl45:1145-52.

Katoh, I., Y. Yoshinaka, A. Rein, M. Shibuya, T. Odka, and S. Oroszlan1985. Murine
leukemia virus maturation: protease region requioedonversion from "immature" to "mature"
core form and for virus infectivity. Virolog¥45:280-92.

Katz, R. A., J. G. Greger, P. Boimel, and A. M. Skia. 2003. Human immunodeficiency virus
type 1 DNA nuclear import and integration are mgasdependent in cycling cells. J Virol
77:13412-7.

Katz, R. A., and A. M. Skalka.1994. The retroviral enzymes. Annu Rev Bioch&311.33-73.
Ke, H., D. Mayrose, and W. Ca01993. Crystal structure of cyclophilin A complexaith
substrate Ala-Pro suggests a solvent-assisted misalmaf cis-trans isomerization. Proc Natl

Acad Sci U S A90:3324-8.

Kilareski, E. M., S. Shah, M. R. Nonnemacher, and BNigdahl. 2009. Regulation of HIV-1
transcription in cells of the monocyte-macrophagedge. Retrovirologg:118.

Kim, C. H., and J. W. Casey.1992. Genomic variation and segregation of equifestious
anemia virus during acute infection. J Vi6@:3879-82.

Kiss-Laszlo, Z., and T. Hohn.1996. Pararetro- and retrovirus RNA: splicing &melcontrol of
nuclear export. Trends Microbidt480-5.

Konig, R., Y. Zhou, D. Elleder, T. L. Diamond, G. M Bonamy, J. T. Irelan, C. Y. Chiang, B.

P. Tu, P. D. De Jesus, C. E. Lilley, S. Seidel, M. Opaluch, J. S. Caldwell, M. D.
Weitzman, K. L. Kuhen, S. Bandyopadhyay, T. IdekerA. P. Orth, L. J. Miraglia, F. D.

30



Bushman, J. A. Young, and S. K. Chanda2008. Global analysis of host-pathogen interastion
that regulate early-stage HIV-1 replication. A&lb:49-60.

119. Kono, Y., K. Hirasawa, Y. Fukunaga, and T. Taniguch 1976. Recrudescence of equine
infectious anemia by treatment with immunosuppresdirugs. Natl Inst Anim Health Q (Tokyo)
16:8-15.

120. Kootstra, N. A., C. Munk, N. Tonnu, N. R. Landau, ad I. M. Verma. 2003. Abrogation of
postentry restriction of HIV-1-based lentiviral vectransduction in simian cells. Proc Natl Acad
Sci U S A100:1298-303.

121. Kirishnan, L., K. A. Matreyek, I. Oztop, K. Lee, C. H. Tipper, X. Li, M. J. Dar, V. N.
Kewalramani, and A. Engelman.The requirement for cellular transportin 3 (TNP@3RN-
SR2) during infection maps to human immunodeficjevicus type 1 capsid and not integrase. J
Virol 84:397-406.

122. Lai, M. C., R.l. Lin, S. Y. Huang, C. W. Tsai, andW. Y. Tarn. 2000. A human importin-beta
family protein, transportin-SR2, interacts with ffgosphorylated RS domain of SR proteins. J
Biol Chem275:7950-7.

123. Lai, M. C.,R.l. Lin,and W. Y. Tarn. 2001. Transportin-SR2 mediates nuclear import of
phosphorylated SR proteins. Proc Natl Acad SciA/$8:10154-9.

124. Lanman, J., T. T. Lam, M. R. Emmett, A. G. Marshall, M. Sakalian, and P. E. Prevelige, Jr.
2004. Key interactions in HIV-1 maturation idergii by hydrogen-deuterium exchange. Nat
Struct Mol Biol11:676-7.

125. Larue, R., K. Gupta, C. Wuensch, N. Shkriabai, J. JKessl, E. Danhart, L. Feng, O.
Taltynov, F. Christ, G. D. Van Duyne, Z. Debyser, MP. Foster, and M. Kvaratskhelia.
Interaction of the HIV-1 intasome with Transpo@ifTNPO3 or TRN-SR2). J Biol Chem.

126. Leroux, C., J. L. Cadore, and R. C. Montelaro2004. Equine Infectious Anemia Virus (EIAV):
what has HIV's country cousin got to tell us? VesB5:485-512.

127. Leroux, C., J. K. Craigo, C. J. Issel, and R. C. Motelaro. 2001. Equine infectious anemia
virus genomic evolution in progressor and nonprsgpe ponies. J Viral5:4570-83.

128. Leroux, C., C. J. Issel, and R. C. Montelaro1997. Novel and dynamic evolution of equine
infectious anemia virus genomic quasispecies astsativith sequential disease cycles in an
experimentally infected pony. J Vir@lL:9627-39.

129. Lesnik, E. A., R. Sampath, and D. J. Ecker2002. Rev response elements (RRE) in
lentiviruses: an RNAMotif algorithm-based stratégy RRE prediction. Med Res R@2:617-
36.

130. Lewis, P., M. Hensel, and M. Emerman1992. Human immunodeficiency virus infection of
cells arrested in the cell cycle. Embt113053-8.

131. Lewis, P. F., and M. Emerman.1994. Passage through mitosis is required for @aviruses
but not for the human immunodeficiency virus. JoV&8:510-6.

31



132. Li, F., C. Leroux, J. K. Craigo, S. J. Cook, C. Jissel, and R. C. Montelaro.2000. The S2
gene of equine infectious anemia virus is a higlolyserved determinant of viral replication and
virulence properties in experimentally infected iggnJ Virol74:573-9.

133. Li, F., B. A. Puffer, and R. C. Montelaro.1998. The S2 gene of equine infectious anemiaviru
is dispensable for viral replication in vitro. Jrdli 72:8344-8.

134. Li, S., C. P. Hill, W. I. Sundquist, and J. T. Find. 2000. Image reconstructions of helical
assemblies of the HIV-1 CA protein. Natui@7:409-13.

135. Li, X, L. Krishnan, P. Cherepanov, and A. Engelman Structural biology of retroviral DNA
integration. Virology411:194-205.

136. Li, Y., A. K. Kar, and J. Sodroski. 2009. Target cell type-dependent modulation of dwum
immunodeficiency virus type 1 capsid disassemblgymfophilin A. J Virol83:10951-62.

137. Liang, C., and M. A. Wainberg. 2002. The role of Tat in HIV-1 replication: anigator and/or
a suppressor? AIDS Rév41-9.

138. Lichtenstein, D. L., K. E. Rushlow, R. F. Cook, ML. Raabe, C. J. Swardson, G. J. Kociba,
C. J. Issel, and R. C. Montelaro1995. Replication in vitro and in vivo of an eqeliimfectious
anemia virus mutant deficient in dUTPase activtylirol 69:2881-8.

139. Locksley, R. M., N. Killeen, and M. J. Lenardo.2001. The TNF and TNF receptor
superfamilies: integrating mammalian biology. C€l4:487-501.

140. Logue, E. C., K. T. Taylor, P. H. Goff, and N. R. landau. The cargo-binding domain of
transportin 3 is required for lentivirus nucleapont. J Virol85:12950-61.

141. Lori, F., F. di Marzo Veronese, A. L. de Vico, P. usso, M. S. Reitz, Jr., and R. C. Gallo.
1992. Viral DNA carried by human immunodeficiendgug type 1 virions. J Viro66:5067-74.

142. Lower, R., J. Lower, and R. Kurth. 1996. The viruses in all of us: characteristiod hiological
significance of human endogenous retrovirus seqgeriRroc Natl Acad Sci U S#3:5177-84.

143. Luftig, R. B., and Y. Yoshinaka.1978. Rauscher leukemia virus populations enri¢bed
"immature" virions contain increased amounts of ,R@ gag gene product. J Vizh:416-21.

144. Mann, R., R. C. Mulligan, and D. Baltimore.1983. Construction of a retrovirus packaging
mutant and its use to produce helper-free defectitrevirus. Cell33:153-9.

145. Markowitz, D., S. Goff, and A. Bank.1988. Construction and use of a safe and efficient
amphotropic packaging cell line. Virolody7:400-6.

146. Markowitz, D., S. Goff, and A. Bank.1988. A safe packaging line for gene transferassmg
viral genes on two different plasmids. J Vi6&:1120-4.

32



147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Martarano, L., R. Stephens, N. Rice, and D. Dersd994. Equine infectious anemia virus trans-
regulatory protein Rev controls viral mRNA stalyiliaccumulation, and alternative splicing. J
Virol 68:3102-11.

Martin-Serrano, J. 2007. The role of ubiquitin in retroviral egre$saffic 8:1297-303.

Martin-Serrano, J., and S. J. Neil.Host factors involved in retroviral budding anteese. Nat
Rev Microbiol9:519-31.

Martin-Serrano, J., A. Yarovoy, D. Perez-Caballeroand P. D. Bieniasz2003. Divergent
retroviral late-budding domains recruit vacuolastpm sorting factors by using alternative
adaptor proteins. Proc Natl Acad Sci U 9@0:12414-9.

Matreyek, K. A., and A. Engelman.The requirement for nucleoporin NUP153 during huma
immunodeficiency virus type 1 infection is detergdrby the viral capsid. J Vir8b6:7818-27.

Mattaj, I. W., and L. Englmeier. 1998. Nucleocytoplasmic transport: the solublesph&nnu
Rev Biochen67:265-306.

McGuire, T. C., T. B. Crawford, and J. B. Henson1971. Immunofluorescent localization of
equine infectious anemia virus in tissue. Am J 8la8R:283-94.

McLaren, M., K. Marsh, and A. Cochrane.2008. Modulating HIV-1 RNA processing and
utilization. Front Bioscil3:5693-707.

Miller, A. D. 1996. Cell-surface receptors for retrovirusesiamalications for gene transfer.
Proc Natl Acad Sci U S A3:11407-13.

Moebes, A., J. Enssle, P. D. Bieniasz, M. HeinkateiD. Lindemann, M. Bock, M. O.
McClure, and A. Rethwilm. 1997. Human foamy virus reverse transcription ttaurs late in
the viral replication cycle. J Viral1:7305-11.

Nakai, M., and T. Goto.1996. Ultrastructure and morphogenesis of humamunodeficiency
virus. J Electron Microsc (Tokya)5:247-57.

Narayan, O., and J. E. Clements1989. Biology and pathogenesis of lentiviruseSed Virol
70 (Pt 7)1617-39.

Narayan, O., S. Kennedy-Stoskopf, D. Sheffer, D. Eriffin, and J. E. Clements.1983.
Activation of caprine arthritis-encephalitis viragpression during maturation of monocytes to
macrophages. Infect Immui:67-73.

Nermut, M. V., D. J. Hockley, P. Bron, D. Thomas, WH. Zhang, and I. M. Jones1998.
Further evidence for hexagonal organization of Igg protein in prebudding assemblies and
immature virus-like particles. J Struct Biti23:143-9.

Nisole, S., and A. Saib2004. Early steps of retrovirus replicative cy@&etrovirologyl:9.

Noiman, S., A. Yaniv, L. Sherman, S. R. Tronick, ad A. Gazit. 1990. Pattern of transcription
of the genome of equine infectious anemia virdérdl 64:1839-43.

33



163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Oppermann, H., J. M. Bishop, H. E. Varmus, and L. levintow. 1977. A joint produce of the
genes gag and pol of avian sarcoma virus: a pesgrecursor of reverse transcriptase. Cell
12:993-1005.

Orrego, A., C. J. Issel, R. C. Montelaro, and W. VAdams, Jr. 1982. Virulence and in vitro
growth of a cell-adapted strain of equine infecti@memia virus after serial passage in ponies.
Am J Vet Re#13:1556-60.

Owens, C. M., B. Song, M. J. Perron, P. C. Yang, Mstremlau, and J. Sodroski2004.
Binding and susceptibility to postentry restrictiactors in monkey cells are specified by distinct
regions of the human immunodeficiency virus typmfsid. J Virolr8:5423-37.

Owens, C. M., P. C. Yang, H. Gottlinger, and J. Sadski. 2003. Human and simian
immunodeficiency virus capsid proteins are majoalieterminants of early, postentry
replication blocks in simian cells. J Virg¥r:726-31.

Panganiban, A. T.1985. Retroviral DNA integration. CelR:5-6.

Patel, J. R., J. G. Heldens, T. Bakonyi, and M. Rwsi. Important mammalian veterinary viral
immunodiseases and their control. Vac@0el767-81.

Patience, C., D. A. Wilkinson, and R. A. Weissl997. Our retroviral heritage. Trends Genet
13:116-20.

Payne, S. L., and F. J. FullerVirulence determinants of equine infectious anevimias. Curr
HIV Res8:66-72.

Peng, C., B. K. Ho, T. W. Chang, and N. T. Chand.989. Role of human immunodeficiency
virus type 1-specific protease in core protein maitan and viral infectivity. J Viro63:2550-6.

Pepinsky, R. B., and V. M. Vogt1979. Identification of retrovirus matrix proteibg lipid-
protein cross-linking. J Mol Bidl31:819-37.

Perron, M. J., M. Stremlau, M. Lee, H. JavanbakhtB. Song, and J. Sodroski2007. The
human TRIM5alpha restriction factor mediates acgeddel uncoating of the N-tropic murine
leukemia virus capsid. J Vir@l1:2138-48.

Perryman, L. E., K. I. O'Rourke, and T. C. McGuire. 1988. Immune responses are required to
terminate viremia in equine infectious anemia Mnis infection. J Viro62:3073-6.

Puffer, B. A., L. J. Parent, J. W. Wills, and R. C.Montelaro. 1997. Equine infectious anemia
virus utilizes a YXXL motif within the late assergldomain of the Gag p9 protein. J Virol
71:6541-6.

Puffer, B. A., S. C. Watkins, and R. C. Montelaro1998. Equine infectious anemia virus Gag
polyprotein late domain specifically recruits c&luAP-2 adapter protein complexes during
virion assembly. J Viror2:10218-21.

34



177. Rasty, S., B. R. Dhruva, R. L. Schiltz, D. S. Shilg. J. Issel, and R. C. Montelaro1990.
Proviral DNA integration and transcriptional patteiof equine infectious anemia virus during
persistent and cytopathic infections. J Vigdt86-95.

178. Rein, A., S. A. Datta, C. P. Jones, and K. Musierdfsyth. Diverse interactions of retroviral
Gag proteins with RNAs. Trends Biochem 36i373-80.

179. Resh, M. D.2005. Intracellular trafficking of HIV-1 Gag: ho®ag interacts with cell
membranes and makes viral particles. AIDS R&4-91.

180. Rice, N. R., A. S. Lequarre, J. W. Casey, S. LahR. M. Stephens, and J. Edwards1989.
Viral DNA in horses infected with equine infectioaisemia virus. J Vira$3:5194-200.

181. Rifkin, D., and R. W. Compans.1971. Identification of the spike proteins of R@ascoma
virus. Virology46:485-9.

182. Raberts, M. M., and S. Oroszlan1989. The preparation and biochemical charactésizaf
intact capsids of equine infectious anemia viriecBem Biophys Res Commui60:486-94.

183. Roe, T., S. A. Chow, and P. O. Brownl997. 3'-end processing and kinetics of 5'-enuingi
during retroviral integration in vivo. J Vir@11:1334-40.

184. Romani, B., S. Engelbrecht, and R. H. Glashoffrunctions of Tat: the versatile protein of
human immunodeficiency virus type 1. J Gen V8bl1-12.

185. Rosen, C. A1991. Tat and Rev: positive modulators of humamumodeficiency virus gene
expression. Gene Exfr85-90.

186. Sakai, H., J. Sakuragi, S. Sakuragi, M. Kawamura, ad A. Adachi. 1993. Compatibility of
Tat and Rev transactivators in the primate leniaas. Arch Viroll29:1-10.

187. Schaller, T., K. E. Ocwieja, J. Rasaiyaah, A. J. Ree, T. L. Brady, S. L. Roth, S. Hue, A. J.
Fletcher, K. Lee, V. N. KewalRamani, M. NoursadeghiR. G. Jenner, L. C. James, F. D.
Bushman, and G. J. TowersHIV-1 capsid-cyclophilin interactions determinectear import
pathway, integration targeting and replicationaffincy. PLoS Pathog;e1002439.

188. Schiltz, R. L., D. S. Shih, S. Rasty, R. C. Monteta, and K. E. Rushlow.1992. Equine
infectious anemia virus gene expression: charaetton of the RNA splicing pattern and the
protein products encoded by open reading framen81S2. J Virob6:3455-65.

189. Schwartz, J. R., S. Duesberg, and P. H. Duesbertf95. DNA recombination is sufficient for
retroviral transduction. Proc Natl Acad Sci U Q22460-4.

190. Sellon, D. C., S. T. Perry, L. Coggins, and F. J.Uer. 1992. Wild-type equine infectious
anemia virus replicates in vivo predominantly gstie macrophages, not in peripheral blood
monocytes. J Viro66:5906-13.

191. Shaunak, S., and J. N. Weberl992. The retroviruses: classification and molacblology.
Baillieres Clin Neuroll:1-21.

35



192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Smith, C. A., T. Farrah, and R. G. Goodwin.1994. The TNF receptor superfamily of cellular
and viral proteins: activation, costimulation, atehth. Cell76:959-62.

Spiegel, M., M. Bitzer, A. Schenk, H. Rossmann, W. Neubert, U. Seidler, M. Gregor, and
U. Lauer. 1998. Pseudotype formation of Moloney murine lenleevirus with Sendai virus
glycoprotein F. J Virolr2:5296-302.

Steagall, W. K., M. D. Robek, S. T. Perry, F. J. Hiler, and S. L. Payne.1995. Incorporation
of uracil into viral DNA correlates with reducedptieation of EIAV in macrophages. Virology
210:302-13.

Stephens, R. M., J. W. Casey, and N. R. Ric&#986. Equine infectious anemia virus gag and
pol genes: relatedness to visna and AIDS virueri®e231:589-94.

Stephens, R. M., D. Derse, and N. R. Ric&990. Cloning and characterization of cDNAs
encoding equine infectious anemia virus tat andtpue Rev proteins. J Vird@4:3716-25.

Stewart, L., G. Schatz, and V. M. Vogt1990. Properties of avian retrovirus particlesedt¥e
in viral protease. J Vird4:5076-92.

Strack, B., A. Calistri, S. Craig, E. Popova, and HG. Gottlinger. 2003. AIP1/ALIX is a
binding partner for HIV-1 p6 and EIAV p9 functiomgjiin virus budding. Cell14:689-99.

Stremlau, M., M. Perron, M. Lee, Y. Li, B. Song, HJavanbakht, F. Diaz-Griffero, D. J.
Anderson, W. I. Sundquist, and J. Sodroski2006. Specific recognition and accelerated
uncoating of retroviral capsids by the TRIM5alpRkatriction factor. Proc Natl Acad Sci U S A
1035514-9.

Sune, C., A. C. Goldstrohm, J. Peng, D. H. Pricend M. A. Garcia-Blanco. 2000. An in vitro
transcription system that recapitulates equinectidas anemia virus tat-mediated inhibition of
human immunodeficiency virus type 1 Tat activityramstrates a role for positive transcription
elongation factor b and associated proteins imteehanism of Tat activation. Virology74:356-
66.

Suzuki, Y., and R. Craigie.2007. The road to chromatin - nuclear entry aforgtuses. Nat Rev
Microbiol 5:187-96.

Swain, A., and J. M. Coffin.1992. Mechanism of transduction by retroviruseserie
255:841-5.

Teissier, E., F. Penin, and E. I. Pecheuilargeting cell entry of enveloped viruses as an
antiviral strategy. Moleculek6:221-50.

Threadgill, D. S., W. K. Steagall, M. T. FlahertyF. J. Fuller, S. T. Perry, K. E. Rushlow, S.
F. Le Grice, and S. L. Paynel1993. Characterization of equine infectious anerinizs
dUTPase: growth properties of a dUTPase-deficiantant. J Virol67:2592-600.

Thys, W., S. De Houwer, J. Demeulemeester, O. Taltgv, R. Vancraenenbroeck, M.
Gerard, J. De Rijck, R. Gijsbers, F. Christ, and Z.Debyser.Interplay between HIV entry and
transportin-SR2 dependency. Retrovirol@&y.

36



206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

Towers, G. J.2007. The control of viral infection by tripartibteotif proteins and cyclophilin A.
Retrovirology4:40.

Towers, G. J., T. Hatziioannou, S. Cowan, S. P. Gofl. Luban, and P. D. Bieniasz2003.
Cyclophilin A modulates the sensitivity of HIV-1 tmst restriction factors. Nat Mé&d1138-43.

Trono, D. 1992. Partial reverse transcripts in virions fleaman immunodeficiency and murine
leukemia viruses. J Vird@6:4893-900.

Tumas, D. B., M. T. Hines, L. E. Perryman, W. C. Ddis, and T. C. McGuire.1994.
Corticosteroid immunosuppression and monoclonabady-mediated CD5+ T lymphocyte
depletion in normal and equine infectious anaerigsxcarrier horses. J Gen Virgb (Pt
5):959-68.

Vajdos, F. F., S. Yoo, M. Houseweart, W. I. Sundqgat, and C. P. Hill.1997. Crystal structure
of cyclophilin A complexed with a binding site peja from the HIV-1 capsid protein. Protein
Sci6:2297-307.

Vandegraaff, N., and A. Engelman2007. Molecular mechanisms of HIV integration and
therapeutic intervention. Expert Rev Mol Me@d.-19.

Vodicka, M. A. 2001. Determinants for lentiviral infection of nrdividing cells. Somat Cell Mol
Genet26:35-49.

von der Helm, K., S. Seelmeier, A. Kisselev, and Hlitschko. 1994. Identification,
purification, and cell culture assays of retrovppedteases. Methods Enzynit?1:89-104.

Witte, O. N., and D. Baltimore.1977. Mechanism of formation of pseudotypes betwee
vesicular stomatitis virus and murine leukemia sirGell11:505-11.

Yamashita, M., and M. Emerman.2005. The cell cycle independence of HIV infecsiagnot
determined by known karyophilic viral elements. Bl®athodlL:e18.

Yamashita, M., and M. Emerman.2006. Retroviral infection of non-dividing cellsid and new
perspectives. Virolog$44:88-93.

Yoo, S., D. G. Myszka, C. Yeh, M. McMurray, C. P. Hl, and W. |. Sundquist. 1997.
Molecular recognition in the HIV-1 capsid/cyclophiA complex. J Mol Bio269:780-95.

Yu, Q., and C. D. Morrow. 1999. Complementarity between 3' terminal nuctiestiof tRNA
and primer binding site is a major determinantsiglection of the tRNA primer used for initiation
of HIV-1 reverse transcription. Virolog®54:160-8.

Zack, J. A., A. M. Haislip, P. Krogstad, and I. SChen.1992. Incompletely reverse-transcribed

human immunodeficiency virus type 1 genomes ingpgat cells can function as intermediates
in the retroviral life cycle. J Virdb6:1717-25.

37



220.

221.

222.

223.

224.

225.

226.

227.

Zaitseva, L., P. Cherepanov, L. Leyens, S. J. WilapJ. Rasaiyaah, and A. FassatR009.
HIV-1 exploits importin 7 to maximize nuclear impof its DNA genome. Retrovirology.11.

Zhang, B., S. Jin, J. Jin, F. Li, and R. C. Monteleo. 2005. A tumor necrosis factor receptor
family protein serves as a cellular receptor fertilacrophage-tropic equine lentivirus. Proc Natl
Acad Sci U S A102:9918-23.

Zhang, B., and R. C. Montelaro.2009. Replication of equine infectious anemia wiiru
engineered mouse NIH 3T3 cells. J Vig3:2034-7.

Zhang, H., G. Dornadula, and R. J. Pomerantz1996. Endogenous reverse transcription of
human immunodeficiency virus type 1 in physiologimécroenviroments: an important stage for
viral infection of nondividing cells. J Virdl0:2809-24.

Zhao, Y., Y. Chen, M. Schutkowski, G. Fischer, anti. Ke. 1997. Cyclophilin A complexed
with a fragment of HIV-1 gag protein: insights irdV-1 infectious activity. Structur6:139-46.

Zheng, Y. H., T. Nakaya, H. Sentsui, M. Kameoka, MKishi, K. Hagiwara, H. Takahashi,

Y. Kono, and K. lkuta. 1997. Insertions, duplications and substitutionsestricted gp90
regions of equine infectious anaemia virus durgtyife episodes in an experimentally infected
horse. J Gen Virol8 (Pt 4)807-20.

Zhou, H., M. Xu, Q. Huang, A. T. Gates, X. D. ZhangJ. C. Castle, E. Stec, M. Ferrer, B.
Strulovici, D. J. Hazuda, and A. S. Espesett2008. Genome-scale RNAI screen for host factors
required for HIV replication. Cell Host Microbke495-504.

Zhu, J., and J. M. Cunningham.1993. Minus-strand DNA is present within murinpeyC
ecotropic retroviruses prior to infection. J ViGi:2385-8.

38



CHAPTER 2

RESULTS

39



Retroviral Gag proteins have critical roles in thiection of target cells during early post-entry
events. In particular, the retroviral capsid piro{€A) has been implicated in many early
infectivity steps. Viruses must disassemble prigpaier target cell entry. Several studies have
shown that CA is critical to this step, which isnbed “uncoating” (13, 18). Mature lentiviruses
contain a distinct cone-shaped core comprised ofrf@Aomers. CA monomers interact at
several molecular interfaces to form the conicaécmcluding C-terminal domains involved in
dimerization and N-terminal domains involved in &merization (15, 35, 46). This core
complex begins uncoating soon after the fusionirail and cell membranes (13, 19). Very little
CA protein can be found associated with the reveesescription complex (11, 12, 23). Changes
in CA that affect the stability of this core complean severely abrogate infectivity (13). In
addition, the incoming viral CA is the target o/sgal host factors that can affect infectivity.
The host cytosolic protein cyclophilin A (CypA) kis to the proline-rich loop in the N-terminal
domain of HIV-1 CA (14, 15, 17, 42, 61). Changeshiis region that affect CypA binding to
CA can be severely detrimental to core disassewmmudyinfectivity (4, 39, 59, 63, 70). Certain
host restriction factors target CA and interruptaeiral infection at the uncoating step. The
proteins TRIM®m and TRIMCyp bind the incoming capsid of certaitioeiruses and accelerate
core disassembly (6, 8, 47, 55, 60). Changes ingS#lues critical for these interactions can
allow the incoming viral capsid to escape TRiMBediated disassembly or cause previously
nonrestricted retroviruses to become TRtMargets (36, 37, 40).

More recent studies have shown that CA’s rolénainfection process does not end at
uncoating. Reverse transcription and subsequeaitcDNA integration take place within

nucleoprotein complexes that may retain componaitse viral core complex (3, 11, 12, 23,
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45). Although certain retroviruses require thesdistion of the nuclear membrane during
mitosis, lentiviruses such as HIV-1 or equine itifacs anemia virus (EIAV) can infect
nondividing cells and therefore are believed tssrhe nuclear membrane by passing through
the nuclear pore complex (27, 33, 54). The abdftidlV-1 to infect growth-arrested cells has
been mapped to CA (67-69). Several recent stundies investigated the requirements for
various nuclear import factors during infection¢lsas nucleoporin Nup153 or transportin 3
(TNPO3). The requirements for these factors mapl¥61 CA and not to the integrase protein
as previously thought (1, 5, 29, 30, 41, 44, 56,72.

In this study we investigated the effects of clemig the EIAV CA on virus infection.
EIAV is an attractive candidate for capsid protgtindies as it is a lentivirus like HIV-1 and also
contains an N-terminal proline-rich loop that isweimilar to HIV-1's Cyp A-binding loop (26).
Changes in this loop exert various effects on HIMf&ction, in some cases dependent on the
level of CypA expression in the host cell. EIAVMfantion is not apparently influenced by CypA.
Nonetheless, because of the presumed exposures ébaip on the EIAV capsid, we expected
that this region of the EIAV CA would be criticarfinfection and that changes in this region
would yield interesting phenotypes. Our findingsw that alteration of the loop region did in
fact affect EIAV infectivity. We identified thremutants that demonstrate EIAV CA is also
critical for nuclear import. The requirement of @& proper nuclear import and subsequent
proviral integration in both EIAV and HIV-1 highlgs the universality of lentivirus CA as a

nuclear transport/entry determinant.
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Materials & Methods

Production of recombinant EIAV expressing green flerescent protein (GFP).

The pEV53 plasmid encoding the EIAV Gag/Pol polypnmo and the pSIN6.1CeGFPW plasmid
encoding enhanced green fluorescent protein (eG&R) been described previously (48-51).
Point mutations were introduced into the regiopB¥53 encoding CA using the QuikChange
Lightning Site-Directed Mutagenesis Kit (Stratagen€esicular stomatitis virus protein G
(VSV-G)-pseudotyped EIAV-GFP virions were made byransfecting 293T cells with wild-
type (wt) or CA mutant pEV53 vector, pSIN6.1CeGFR¥¢tor, and a pHCMV plasmid
expressing VSV-G. Lipofectamine 2000 transfectieaigent was used (Invitrogen). Virus-
containing supernatant was harvested 48 h postfetion. All virus-containing supernatants
were cleared of debris by low-speed centrifugasind then concentrated by centrifugation in a
Beckman SW 28 rotor at 27000 rpm for 2 h. Eachs/gtock was quantitated by a standard
reverse transcriptase (RT) activity assay (25ncl&t were stored in aliquots at <80

Cell culture and infectivity assays.

Human 293T cells (ATCC CRL-11286) and the equinendé cell line ED (ATCC CCL-57)
were acquired from the American Type Culture Cditet Cf2-LPCX cells and Cf2-TRIM&zn
cells have been described previously (60). 293TED cells were grown at 3€ in Dulbecco
modified Eagle medium (Invitrogen). All media wesgpplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin. In additioredia for Cf2-LPCX and Cf2-TRIM&xn
cells were supplanted with 5 ng/ml puromycin. Fdection, Cf2-LPCX, Cf2-TRIMb, and
ED cells were seeded at a density of 5 XcIs/well in 6-well plates. Equal amounts of KA
viruses, normalized by RT activity, were used fedhcells for 4 h at 3. Unabsorbed virus

was washed out with phosphate-buffered saline (RB8)the cells were cultured with fresh
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media. Cells were harvested 48 h after infectiwh fxed in PBS containing 4% formaldehyde.
The percentage of infected, GFP-positive cells eiermined by fluorescence-activated cell
sorting (FACS) using FACScan (Becton Dickinson).

Viral protein analysis and Western blotting.

293T cells were transfected with the pEV3 plasnmdogling either wt. or mutant EIAV Gag/Pol
polyprotein. Cells were harvested and lysed 483t-fransfection. The expression levels of the
cell-associated Gag proteins were analyzed by Webtetting with a polyclonal anti-EIAV
serum (LADY), gift from the Montelaro lab (Univ. #fittsburgh), and an anti-horse 1gG
horseradish peroxidase (HRP)-conjugated antibodbhzé#n), respectively. Virions released into
the transfected cell supernatants were filtere¢5{lm pore size). Virus-containing supernatant
was normalized by volume and the virions lysedraMisates were Western blotted using the
same antibody combination described above.

Electron microscopy of virus particles.

Ten ml of transfected cell supernantant contaimihg@r mutant virus was centrifuged &Cifor

2 h at 27,000 rpm in a Beckman SW41 rotor. Pealleteal particles were fixed with
glutaraldehyde and analyzed by thin-section elaatn@roscopy at the Harvard Medical School
Electron Microscope Facility.

Quantitative real-time PCR analysis of EIAV-specifc viral DNA species.

Virus stocks derived from transfection of 293T sellere treated with 20 U of DNase |
(NEB)/ml for 60 min at room temperature. Approxielg 1 x 10 Cf2-LPCX cells were

infected with 8000 cpm (RT activity) of wt EIAV-GRRrus or mutant EIAV-GFP virus. As a
control, cells treated with 150 pM azidothymidid&[) were infected with wt EIAV-GFP

virus. As another control, cells were incubatechwit EIAV-GFP virus lacking envelope
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glycoproteins (Env-). Genomic DNA was isolatedatious time points after infection using the
DNEasy Blood and Tissue Kit (Qiagen), and 250 ngesfomic DNA was used for quantitative
PCR amplification. The conditions for quantitatreal-time PCR of early and late DNA
products have been described previously (25). primer/probe set used to amplify early DNA
products (minus-strand strong-stop DNA) has besgrdeed previously (25). The primer/probe
set used to detect late DNA produaSIKEP DNA) was as follows: eGFP-FW (5'-
CGACGGCAACTACAAGAC -'3), eGFP-RV (5-GTCCTCCTTGAAGIGATGC-3'), and
eGFP probe (5’-(6-carboxyfluorescein)-CACCCTGGTGABGCATCG-(5-
carboxytetramethylrhodamine)-3’). For persistaraDNA (VDNA), the isolated genomic
DNA was subjected to quantitative real-time PCRigsheeGFP primer/probe set. Standard
curves for each DNA species were created as descpieviously (25).

For nuclear unintegrated DNA (2-LTR circles), gemo DNA was extracted as described
above and 250 ng of genomic DNA was used for gtetive PCR amplification. The primers
used were 2LTR-FW (5-TGTGCAGACTTGCGAACCATG-3’) adl TR-RV (5'-
CGAATTCCAGCGTCTGAGTTAC-3'). A standard curve wasated to calculate the number
of copies of 2-LTR circle DNA. The 2LTR primer seas used to amplify a fragment of
approximately 860 nt from genomic DNA extractedroells infected with wt EIAV-GFP
(Platinum Blue PCR Supermix, Invitrogen). The tsg fragment was cloned into the pCR 2.1
vector contained in The Original TA Cloning Kit (itrogen). The resulting plasmid was used
to establish a standard curve, as previously desgri25). Quantitative real-time PCR was
carried out using the QuantiTect SYBR Green PCR®iagen). After initial incubations at

50°C for 2 min and 9%C for 10 min, 40 rounds of amplification were cadiout at 95C for 15

sec, 60C for 30 sec and P2 for 1 min 15 sec. Reactions were carried othénABI Prism
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7700 sequence detection system and analyzed witlPA8BM SDS software (Applied
Biosystems).

Fate-of-Capsid assay.

The assay to examine the fate of EIAV capsids encytosol of newly-infected Cf2-LPCX cells
was performed essentially as described previo@sly. (Concentrated virus in approximately
100-500p! was incubated with 5 x £@f2-LPCX cells in a total of 5 ml of media in a76-
flask. The cells and virus were initially incubater 30 min at 4C and then shifted to 3C. At
4 h post-infection, the cells were washed with RBS8 then incubated with 10 ml of fresh
medium for the remainder of the infection. Thd<elere then washed in ice-cold PBS and
lysed in 2.5 ml of hypotonic lysis buffer (10 mMig4HCI [pH 8.0], 10 mM KCI, 1 mM EDTA)
by Dounce homogenization. After the cell debriswwemoved by centrifugation for 5 min at
2,000 xg, 2 ml of the clarified lysate was layered ontoml/50%-sucrose cushion and
centrifuged at 125,000¢for 2 h at 4C. After centrifugation, 10Ql of the topmost part of the
supernatant was collected. The pellet was resdggein 120ul of 1X sodium dodecyl sulfate
sample buffer. The supernatant and pellet frastiware subjected to Western blotting analysis

of CA proteins with an anti-EIAV polyclonal serum.
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Results

Effects of changes in the proline-rich CA loop on @g expression, processing, and
morphology

The proline-rich loop (residues 80-119) of the EISYA protein protrudes from the helical
bundle of the N-terminal domain of CA. Thus, tlusp is expected to be exposed on the
exterior surface of the assembled CA and corresptmthe CypA-binding loop of HIV-1. To
assess the effects of changes in this prolineloich region on viral infectivity, we introduced
point mutations in the CA-encoding region of a rmbmant, single-round EIAV vector (Fig. 2-
1A). We examined whether the expression and psaog®f the Gag polyprotein were affected
by these changes. 293T cells were transfectedpladmids encoding either wt or mutant EIAV
Gag/Pol proteins. Forty-eight hours after transfeg both cell-associated and virion-associated
Gag proteins were analyzed by Western blottinggiaipolyclonal anti-EIAV serum (Fig. 2-1B
and C). Several mutants appeared to be defeetihiting either greatly reduced (H85D,
L87M, L92R, V93A, E115A) or undetectable steadytestavels of expression (G98E, Q117A,
E119A) of Gag polyproteins. In addition, the G4@6tant appeared to exhibit a defect in Gag
precursor processing. These results suggestdiatad of the changes introduced into the CA

region affect Gag expression, but not virion asdgrabd release.
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Figure 2-1. Effects of EIAV CA changes on Gag prassing.

The aligned amino acid sequences of the prolinetdaops of HIV-1 (blue) and EIAV (black) are shoy).
Numbering corresponds to the amino acid numbemnertHiV-1 CA protein. Red arrows indicate mutatedra
acids in EIAV CA, with the corresponding changedvethe arrow.(B) Cell lysates from 293T cells transfected
with plasmids encoding wt and mutant EIAV Gag pobgpins, with positions of weight markers indicatékbtal
cellular proteins were subjected to Western blgttising an anti-EIAV polyclonal serunfC) Virion-containing
cell supernatants were centrifuged. Solubilizetwipellets were analyzed by Western blotting ggin anti-EIAV
polyclonal serum.

Effects of CA changes on EIAV infectivity

To assay the effects of the CA changes on infagfi@df2-LPCX cells were challenged with
various amounts of wt and mutant EIAV-GFP (Fig.)2-3everal mutants exhibited levels of
infectivity substantially lower than that of wt EVA(G42S, R84D, H85D, G98E, M102A,
Q117A and E119A). Of these mutants, G42S, H85BE;@nd Q117A show greatly reduced
expression or processing of Gag polyproteins, whigty reflects conformational problems that
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contribute to their infectivity defects. The thmegnaining mutants, R84D, M102A and E119A
exhibit normal Gag precursor processing and vigmduction/release. In addition, three

mutants (L87M, N89A and N89E) appear to be slightlyre infectious than wt EIAV.
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Figure 2-2. Infectivity of EIAV CA mutants in Cf2-LPCX cells.

Cf2 cells containing the empty retroviral vector@® were challenged with the indicated amounts obrmmnutant
EIAV-GFP viruses. After 48 h, the percentage oP3jositive cells was determined by FACS. Mutangéscalor-
coded based on their percentage of infectivityaspmared to wt EIAV (black line). Red: 0-15% infiety;
yellow: 30-75% infectivity; green: higher infedty than wt EIAV. cpm, counts per minute as detigred by
reverse transcriptase activity.

As horses are the natural hosts of EIAV, we wisioedetermine the effects of these CA changes
on infectivity in an equine cell line. Equine dein(ED) fibroblasts were challenged with

various amounts of wt and mutant EIAV-GFP. Theatilvity profiles of the mutants in the ED
cells were very similar to those in Cf2-LPCX celldamely, poor expressors/producers were not

infectious, while R84D, M102A and E119A exhibitegkcdeased infectivity. L87M and N89A
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were slightly more infectious than wild-type EIA¥ig. 2-3A). However, the N89E mutant,
which replicated slightly more efficiently than wtAV in Cf2-LPCX cells, did not exhibit this
phenotype in ED fibroblasts.

The TRIM5x protein from rhesus macaques has been showntt@tr&dAV infectivity
(71). Cf2 cells expressing the rhesus TRéM&otein were challenged with various amounts of
wt and mutant EIAV-GFP virus. Most mutants weresgjly restricted by rhesus TRIM5
similar to wt EIAV. However, the three mutantsttbahibited increased infectivity compared to
wt EIAV in Cf2-LPCX cells also exhibited less restion by rhesus TRIM& in the matched

Cf2 cells (Fig. 2-3B).
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Figure 2-3. Infectivity of EIAV CA mutants in ED cells and Cf2 cells expressing rhesus TRIM&
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Figure 2-3 (Continued). Infectivity of EIAV CA mutants in ED cells and Cf2 cells expressing rhesus

TRIM5 a.

Different amounts of wt or mutant EIAV-GFP were dise infect either ED cellgA) or Cf2-TRIM5ag, cells(B).
The results of a single experiment typical of thobtained in three independent experiments are shdwe color
of each CA mutant represents its infectivity in €RCX cells (Fig. 2-2). cpm, counts per minutedatermined by
reverse transcriptase activity.

Effects of CA changes on EIAV capsid morphology

Some changes in the HIV-1 CA protein have been shovalter the characteristic conical shape
of the mature capsid. These changes have ofteio ldelcreases in infectivity (21, 64). To
examine whether the changes introduced into EIAVaifAct core formation, we analyzed the
morphology of wt and mutant virions by thin-secteactron microscopy (EM). All mutants
were examined, with the exception of the poor poedsi G42S, H85D, G98E, and Q117A.
Mature, conical cores were observed for the wt@Adnutant viruses (Fig. 2-4A). The ratio of

the amount of classical conical cores to cores nathconical morphology was similar for wt
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and mutant virions (Fig. 2-4B). Apparently, thenhation and morphology of the mature virion-

associated core is not significantly affected lyyititroduced changes in the CA protein.

b
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Figure 2-4. Thin-section electron microscopy of EAV virions.

Virions were purified from the supernatant of 2981ls transfected with plasmids encoding wt or muEEAV
Gag/Pol proteins and fixed with gluteraldehydetfon-section electron microscopyA) Examples of virions with
evident conical cores are showB) One hundred five particles were counted and scasezbnical or nonconical
for each CA mutant. Light blue bars indicate virjgarticles scored as conical; dark blue bars sgmtevirions
scored as nonconical.

Effects of CA changes on EIAV uncoating in Cf2-LPCXcells

To gain insight into the infectivity defects caudmdthe CA changes, we studied the uncoating
of the wt and CA mutant viruses using a previoualdyeloped fate-of-capsid assay (60). This
assay allows us to measure the amounts of paiticarad soluble forms of retroviral CA present

in the cytosol of infected cells. The capsidshia particulate, cytosolic fraction are associated
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with viral RNA and also exhibit densities that ammparable to those of intact capsids prepared
by detergent treatment of virions (13, 28, 53,@8), The appearance of particulate CA in the
cytosol depends upon viral entry and is also adfiétty the restriction factors TRIMSor

TRIMCyp (6, 7, 24, 53, 60). VSV-G-pseudotypedais continue to enter cells up to 16 hours
post-infection; therefore the steady state levets/tosolic CA in the particulate fraction reflect
both entry and decay of the capsids. Virus erstigpparently not influenced by the particular
CA variant; thus, comparing the steady-state levktg/tosolic CA in the particulate fraction
allows an assessment of the conversion of parte@a to soluble CA, which is measured in
the supernatant (SN) fraction. The fate-of-cajpsishy also allows a study of the decay of these
two forms of CA (6, 60). Because previous stueieploying this assay have not used EIAV,
we wished to first ascertain the optimal time atcltio view the conversion of particulate CA to
cytosolic CA. Namely, this point would occur whitye signal intensity in the particulate
fraction peaks, before it begins to decay. Tomeitge at what time post-infection this point
occurs, Cf2-LPCX cells were infected with eitherW&-pseudotyped EIAV virus, or with

EIAV virion-like particles that did not have an etepe glycoprotein (Env-). Infection was
allowed to proceed for a given amount of time, raftkich the cells were harvested and lysed as
previously described (60). Figure 2-5 shows thalte®f this experiment, which creates a time
course in which the entry of CA and the conversibparticulate CA (Pellet) to soluble CA

(SN) can be followed (Fig. 2-5A). In addition, thand intensity is plotted versus time to show
the rise and decay of signal in the particulatetiom and the appearance of CA in the soluble
fraction (Fig. 2-5B). Half-lives were calculateaf the decay of signal in the pellet fraction (11.3
h post-infection) and the increase in signal ingpernatant fraction (9.7 h post-infection).

Based on this experiment, we conclude that 16-20shpost-infection is the optimal time at
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which to harvest the cells, as this is the timegakeduring which the maximum signal of

particulate CA is reached.

A Hours post-infection

4 8 12 16 20 24 28 32

Pellet (wt)

4 8 12 16 20 24 28 32

Supernatant (wt)

4 8 12 16 20 24 28 32

Pellet (Env-)

Figure 2-5. A time-course fate-of-capsid experimenn Cf2-LPCX cells infected with EIAV.
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Figure 2-5 (Continued). A time-course fate-of-capd experiment in Cf2-LPCX cells infected with EIAV.
VSV-G-pseudotyped wt EIAV virions or virions lackjrenvelope glycoproteins (Env-) were incubated7aC3with
Cf2-LPCX cells for 4 h, at which point the cellsn@avashed and the infection was allowed to prodeedariable
lengths of time. Following lysis of the targetlsethe cytoplasmic lysates were separated ovéfasucrose
cushion into supernatant (SN) and particulate é®efitactions.(A) The fractions were analyzed by Western
blotting, using polyclonal anti-EIAV serum. Therpeulate fraction of the Env- virions was analyzew blotted
separately from that of the VSV-G-pseudotyped wisio A single film was used for both Pellet and f&¢tions of
the wt virions and was exposed for 15-30 secofde film used for the Env- virions was exposedZaninutes in
order to see the band signd@) The intensity of each band in the Pellet and Sktifvas was estimated using band
intensity measurements derived from exposed filffise relative intensity of each band was plottefbioel to give
curves showing the increase/decay of signal irP@éet fraction (blue line) or the SN fraction (man line). An
exponential curve was fit to time points 16-32 Istpiafection for the pellet fraction (cyan dashea) and the half-
life calculated from the equation of the curveline was fit to time points 12-28 h post-infectifum the
supernatant fraction (orange dashed line) and aidife calculated from the line equation.

To investigate effects of the CA mutations on utioga Cf2-LPCX cells were infected for 16
hours with either wt EIAV or the various mutantafection was allowed to proceed for 4 h,
followed by a wash, and then continued to 16 klach time cells were lysed and treated as

described above. Figure 2-6 shows two represgatakiperiments. Very little cytosolic p26 CA
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protein was observed in the fractions from celtsibvated with the non-enveloped control virus
(Env-). Any slight differences in the amount oftpaulate CA in the pellet fraction of wt EIAV
versus the CA mutants were not repeatable betwgmrienents. We conclude, therefore, that
the introduction of these CA changes does not affecrecovery of particulate CA and that

defects in uncoating do not explain the severetpgdited infectivity of some of the CA mutants.

Wt N83R R84D L87M N89A N89E L92R V93A M102A E115A EI119A
S . o -
upernatant - .

Wt N83R R84D L87M NB89A N89E L92R VI93A MI102A E115A E119A

Wt N83R R84D L87M NB89A N89E L92R V93A M102AE115A E119A Env-

Supernatant - e - —-JF

Wt N83R R84D L87M NB9A N8OE L92R V93A M102A E115A E119A Env-

Pellet *

Figure 2-6. Fate of the capsid in Cf2-LPCX cellsifected with EIAV CA mutants.

VSV-G-pseudotyped wt and mutant EIAV virions wemeubated with Cf2-LPCX cells at 32 for 4 h,
washed, and then incubated with fresh media ufith post-infection. As a control, Env- virions wer
included. The separation of cell lysates intoipatate (Pellet) and soluble (SN) fractions, ang iotting of
each fraction, were done as described for Fig. P8DF membranes containing either the Pellet ivaatr the
SN fraction were exposed on the same piece of fidlm15-30 seconds(A) and(B) are two independent
experiments performed in the same way.

Effects of CA changes on EIAV reverse transcription
To determine whether the CA mutations affected wiXNA synthesis, we used a TagMan-
based real-time PCR assay with specific primer@onte combinations, described previously
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(25) and detailed in Materials and Methods. Earlg late reverse transcripts were analyzed
after infection of Cf2-LPCX cells with wt EIAV, thEIAV CA mutants, or Env- EIAV. In a
control infection, we challenged cells treated wii§0 uM AZT with wt EIAV. Cf2-LPCX cells
were infected with equal amounts of virus stocksnmadized by RT activity. At specific times
after infection, cells were harvested by trypsitimaand total cellular DNA was isolated. The
presence of early DNA products (minus-strand strsiop DNA) was analyzed by the
primer/probe set detailed in Materials and Methotlse results revealed that all mutants
produced levels of early RT products similar tostnobserved for wt EIAV (Fig. 2-7A). For all
viruses, the levels of strong-stop DNA increasetl about 18 hours post-infection and then
began to decrease, suggesting that the EIAV CA miiZo not have any defects in early reverse
transcription.

We also examined in parallel the levels of lateRVA production based on amplification of
theeGFP gene encoded in the pSIN6.1CeGFPW vector, asidedan Materials and Methods.
Genomic DNA was isolated from harvested cells aly @ 15 minutes post-infection and as late
as 36 hours post-infection. Once again, the EIAA/mutants produced levels of late RT
products similar to those observed for wt EIAV (R2g7B). Taken together, these data

demonstrate that the introduction of the CA mutetidoes not affect viral cDNA synthesis.
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Figure 2-7. Levels of early and late reverse tramsipts in infected Cf2-LPCX cells.
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Figure 2-7 (Continued). Levels of early and lateaverse transcripts in infected Cf2-LPCX cells.
VSV-G-pseudotyped EIAV wt or mutant viruses weremalized by reverse transcriptase activity and
incubated with Cf2-LPCX cells. In addition, EnviA was included as a negative control. A secoadative
control consisted of wt EIAV infection of cells &ed with 150 uM AZT. At the indicated times post-
infection, cellular DNA was isolated and quantified each specific DNA species. Early reversedcaiption
products (strong-stop DNA; Fig. 2-7A) and late msectranscription producteGFP; Fig. 2-7B) were
guantified using a Tagman-based real-time PCR asBata represent the results of a single reprateat
experiment. The color of each CA mutant represigmiafectivity in Cf2-LPCX cells (Fig. 2-2). Bhulines
correspond to negative controls.

Characterization of nuclear viral DNA.

Translocation of retroviral DNA from the cytoplasmthe nucleus allows the formation of 2-
LTR circles within the nucleus of the infected calhd thus the amount of 2-LTR circles reflects
the efficiency of this translocation (2, 10, 52, 68). To determine whether the EIAV CA
changes affected this stage of the viral lifecyesle, measured 2-LTR circular DNA species

using a SYBR Green-based quantitative real-time B&JRy with the primer set detailed in
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Materials and Methods. These primers span thdipmof the 5’LTR and 3'LTR that is created
during 2-LTR circle formation, resulting in an angpin that is approximately 860 nucleotides
long. The results of this assay are summarizédgare 2-8A. Genomic DNA from wt EIAV
and EIAV CA mutants representing three differergmpiitypes (wt infectivity, infectivity slightly
higher than wt, and severely abrogated infectiwitgs assayed for 2-LTR circle production at
12, 18, 24 and 36 hours post-infection. In additibe negative controls of wild-type EIAV with
AZT-treated cells, EIAV mutant N89A with AZT-treateells, and Env- wt EIAV were

included. EIAV mutants N83R, L87M, N89A and N8%hibited 2-LTR circle production at
levels similar to those of wt EIAV. These four mnts also exhibited infectivity at levels close
to or slightly higher than wt EIAV. Conversely, Al mutants R84D, M102A and E119A
exhibited a significant decrease in 2-LTR circlegurction as compared to wt EIAV. The
amounts of 2-LTR circles produced by these thretants were similar to the amounts produced
in the AZT-treated cells and Env- virus control$ieh likely represent background in the PCR
assay. Therefore, it appears that mutants R84MAvIhd E119A are severely compromised in
2-LTR circle production. This may indicate thag fbss of infectivity observed with these
mutants is due to a defect in the ability of themgants to translocate retroviral DNA from the
cytoplasm to the nucleus.

The first step of integration is 3’ processingwihich integrase mediates the hydrolysis of
GT dinucleotides to create reactive, recessedi R ends (9). This 3’-processing makes the
viral DNA vulnerable to autointegration. Autointagjon occurs when these reactive ends attack
sites within the viral DNA, resulting in nonprodivet deletion or inversion circles (16, 31, 34,
38, 58). Autointegration products are heteroges@owsize, and when amplified by PCR and

run on an agarose gel will result in DNA smear (3@)order to verify that autointegration was
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not occurring with the EIAV CA mutants, the DNA fmothe PCR reactions used to amplify the
2-LTR junction was run on an agarose gel (Fig. 2-8Bor all mutants tested, a distinct band of

the correct size (860 nt) was observed, indicatiag there was no autointegration.

A

2-LTR Circle Production
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Figure 2-8. Levels of 2-LTR circles in Cf2-LPCX chs.
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Figure 2-8 (Continued). Levels of 2-LTR circles irCf2-LPCX cells.

(A) VSV-G-pseudotyped wt EIAV or mutant viruses weremalized by reverse transcriptase activity and
incubated with Cf2-LPCX cells. In addition, EnviA& and wt EIAV infection of AZT-treated cells (150M
AZT) were included as negative controls. At thai¢ated times, genomic DNA was isolated and quieatifor
EIAV 2-LTR circles using a quantitative SYBR Grelkased real-time PCR assa{) The 860 nt fragment
created during the PCR for 2-LTR circles. DNA nmilar weight standards are marked in the leftraose |

Persistent EIAV viral DNA in Cf2-LPCX cells infected with EIAV CA mutants

To complete the comparative analysis of viral DNrAduction by the EIAV CA mutants, we
next evaluated the presence of persistent viral IINBf2-LPCX cells at two weeks post-
infection. Monitoring the presence of viral DNAthts lengthy time period post-infection
allows inference of the amount of integrated prasjras transient DNA forms that are not
integrated (e.g. 2-LTR circles) should be lost airee. These data are summarized in Figure 2-
9. As expected, those mutants which exhibited l@m2-LTR circle production (R84D,
M102A, and E119A) also showed very low levels afspstent viral DNA, comparable to
amounts of viral DNA in the negative controls (ictien with nonenveloped virus or after AZT
treatment) (Fig. 2-9A). These results are consistéth those obtained in the 2-LTR circle
assay, suggesting that the R84D, M102A and E119Ar#ants are inefficiently imported into
the nucleus of infected cells. All other CA mutashowed levels of persistent viral DNA
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similar to wt EIAV virus. Interestingly, the threeutants that were more infectious than wt
EIAV (L87M, N89A and N89E) did not consistently denstrate an increased amount of
persistent vDNA. To determine that the increasefectivity seen with these mutants 48 h
post-infection was not due to GFP expression franamsient DNA species lost over the
following two weeks, cells from these mutants w&ubjected to FACS at the 2 week post-
infection point before genomic DNA was extractédgure 2-9B shows an example of the FACS
data. The relative increase in GFP-positive delisnutants L87M and N89A at 2 weeks post-
infection was similar to that seen at 48 h postatibn. As these mutants behaved similarly to
wt EIAV in all other infection steps surveyed, @sasays may not be sufficiently sensitive to

detect the basis for the observed increase intimfgc
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Figure 2-9. The presence of persistent viral DNA Cf2-LPCX cells 2 weeks post-infection.
VSV-G-pseudotyped EIAV wild-type or mutant virusgsre normalized by RT activity and incubated wif2-C
LPCX cells. Env- EIAV was included as a negativatcol. As an additional control, 150 uM AZT waddad to
cells incubated with some of the viruses. Infettias allowed to proceed for 2 weeks. Cells wergiouously
split throughout this time period as they reacheaflaency. (A) At the end of 2 weeks, genomic DNA was
isolated. The presence of persistent viral DNA assayed using a Tagman-based quantitative realRiGR assay
and the primer/probe set described in Fig. 2-7B¢ckvhmplifies a fragment from tte&FP gene.(B) FACS profiles
of wt. EIAV and mutants L87M and N89A. The top roentains profiles from cells 48 h after infectiohhe
profiles in the bottom row are from cells 2 weekstpinfection, at which time genomic DNA was hateesand
real-time PCR used to detect the presence of DikEA (seeA above). Blue numbers within each window indicate
the percentage of GFP-positive cells. Purple numipelicate the mean fluorescence intensity values.
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Discussion

In this study, we have created a panel of EIAV Ciétants and attempted to ascertain what
effects the introduced changes have on the eatyestof EIAV infectivity. We have
determined that the introduction of single amin@aesidue changes in and around EIAV’s
proline-rich loop can dramatically alter infectivit Three mutants in this study exhibited a
severe decrease in viral infectivity that appearsccur during the step of nuclear import of the
pre-integration complex. Three other mutants asduhinfectivity that was slightly better than
that of wt EIAV, although no significant differerc&om the wt virus were detected in the early

post-entry steps of infection (summarized in TablB).

64



Mutant [ CL | VLPs | EM | Cf2- Cf2- Fate of | Early [x107] | Late [x10%] | 2-LTR vDNA
LPCX | TRIM5ag, CA (22 h) (12 h) (24 h) (2 wk)

Wt ++ | ++ + | ++ - + 1.3 2.2 5.7x107 | 324

G42S | + + - -

N83R ++ | ++ + |+ - + 75.7 25.9 1.7x 107 | 315

R84D ++ | ++ + |- - + 28.5 4.3 186 17

H85D + + - -

L87M + + + | +4++ | ++ + 1.8 0.83 5x 107 154

N89A ++ | ++ + | +++ | ++ + 1.8 5.9 7.3 x10% | 293

N89E ++ | ++ + | +++ ++ + 1.4 0.76 3.7x10° | 473

L92R + ++ + |+ - + 1.6 0.76

VI3A + + + |+ - + 0.59 1.1

G98E |- - - -

M102A | ++ | ++ + |- - + 5.3 1.4 241 14

E115A | ++ | 4+ + |+ - + 44.4 15.7

Q117A | - - - -

E119A | + ++ + |- - + 48.8 99.5 1174 21

Table 2-1. A summary of the effects of the EIAV CAhanges.CL: expression/processing in cell lysates.
VLPs: production of virus-like particles. EMrqaluction of conical cores viewed using thin-sat#édectron
microscopy. Cf2-LPCX, Cf2-TRIM&y: infectivity in these cell types measured by GfeRitivity. Fate of
CA: uncoating as measured in the fate-of-capssdyasEarly: production of early reverse trandsripeasured
by gPCR 12 h post-infection. Late: productionadé reverse transcripts measured by gPCR 12 h post
infection. 2-LTR: production of 2-LTR circles meaed by gPCR 24 h post-infection. vDNA: persiste
proviral DNA measured by qPCR 2 weeks post-infectio

When the EIAV CA mutants were used to infect eittemine-derived Cf2-LPCX cells or
equine ED cells, we observed phenotypes that vesifiked into three groups: mutants that were
defective (0-15% relative infectivity at highest Itiplicity of infection), mutants exhibited

infectivity levels 30-75% of that of wt EIAV, antidse that were slightly more infectious than
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wt virus. The severe infectivity defects of seVenatants could be explained either by poor Gag
polyprotein expression (H85D, G98E, Q117A) or pGag precursor processing (G42S). These
mutants may have altered conformations due toliaages in the proline-rich CA loop. All of
the remaining mutants surveyed by thin-sectiontedlaanicroscopy exhibited typical cone-
shaped core morphology. The incidence of corels aberrant shapes was similar for these
mutants and wt EIAV, indicating that introductiohmost of the changes in the CA proline-rich
loop does not affect viral core morphology.

Application of the fate-of-capsid assay allowed suwament of levels of particulate CA
in cells infected with CA mutants, providing a wowd into the uncoating process. A fate-of-
capsid time course experiment determined the optima at which to harvest the cells post-
infection and also provided information about thterof conversion of particulate CA to soluble
CA, i.e. the rate of EIAV uncoating. Under the ddions of our assay, by 20 h post-infection,
viral entry has diminished. This allows measureneéhe decay constant for EIAV uncoating.
The implication of this result is that, even atl8post-infection, long after nuclear import of pre-
integration complexes, a small percentage of cagsagte not yet uncoated. Whether these
capsids or partially uncoated capsids are transganto the nucleus is unclear, but the persistent
presence of the CA helps to explain its role inl@acimport.

Three EIAV CA mutants (R84D, M102A and E119A) exted severe defects in
infectivity despite levels of expression, Gag pssteg and virion production that were generally
comparable to those of wt EIAV. Only E119A exhdlita lower level of expression than wt
EIAV in the cells, but released virus efficientlWhen these EIAV CA mutants were used to
infect cells, we did not observe significant difaces between the mutants and wt EIAV, either

in the amount of particulate CA present or in thie 1of conversion to soluble CA. To look for
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possible defects in reverse transcription, we ugghtitative real-time PCR to measure levels of
both early and late reverse transcripts at varimos points after infection. All mutants tested,
regardless of their infectivity phenotypes, produsenilar levels of early and late reverse
transcripts at similar rates. The combined resflfate-of-capsid experiments and real-time
PCR suggest that the infectivity defects we obskare not due to problems with uncoating or
reverse transcription.

The 2-LTR circular form of DNA is thought to bee&liable indicator of transport of
retroviral PICs from the cytoplasm to the nucleislQ, 52, 57, 66). In this study, we observed
that the three replication-defective mutants (R8MIDO2A and E119A) exhibited lower
production of 2-LTR circles. In addition, an exipgent to measure the amount of viral DNA
present two weeks post-infection (indicative oégrated provirus) showed a severe decrease in
the amount of viral DNA present. Taken togethieese data suggest a defect in the step of
transport of the EIAV PIC to the nucleus.

Previous studies have found HIV-1 CA mutations Hygiear to complete uncoating and
reverse transcription normally but are defectiv@4bTR circle production (13, 25, 44).

Because the machinery required for nonhomologodganing (required for 2-LTR circle
formation) is located in the nucleus (20), a defkat occurs after reverse transcription but prior
to nuclear entry of the PIC manifests itself in &@&2-LTR circle production and is associated
with lower amounts of integrated provirus. Recgrdbme HIV-1 CA mutants that are defective
for 2-LTR circle production have been shown to hahle to interact with certain host nuclear
import factors. For example, the N74D CA mutameets HIV-1 sensitivity to TNPO3
knockdown, and HIV-1 chimera viruses that contaurime leukemia virus CA protein exhibit

differential sensitivity to knockdown of Nup153 &,,29, 44, 56).
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Although we have determined the viral lifecyclepstieat is defective in these EIAV CA
mutants, further studies will be required to deiearhow these mutations affect nuclear import.
Thus far, recent studies have shown that EIAV ms#ie to depletion of both TNPO3 and
NUP153. In addition, the cargo-binding domain &fPIO3 is critical for the nuclear import of
divergent lentiviruses. However, mutational aniglyg CA determinants critical to nuclear
import has focused mainly on the HIV-1 CA. Here mave shown that EIAV CA also appears
to be a critical determinant for nuclear import,iethsupports the previous HIV-1 studies.
However, we currently do not have insight as to wigse particular CA changes result in this
defect for EIAV. Future studies should look at taguirements of host factors critical for HIV-

1 nuclear import and seek to apply these requirésrterEIAV. In addition, further work can be
done from the viral side to determine the mechaméimport defects for these three mutants.
Finally, we have identified three amino acid changeEIAV CA that cause the mutant virus
to replicate slightly better than wt EIAV. The rants L87M, N89A and N89E do not appear
substantially different from wt virus in terms oLZR circle production or levels of integrated
provirus. Because we have not identified a stepennfectivity cycle for these three mutants
that differs significantly from wt EIAV, it is dif€ult to account for the increased infectivity they
display in Cf2-LPCX cells (Fig. 2-2, 2-3). One pilde explanation is that our assays, including
the fate-of-capsid assay to measure uncoatingeaidime PCR assays to measure production
of early and late transcripts, 2-LTR circles anttls of integrated provirus, are not sensitive
enough to detect differences between wt EIAV amdeithree mutants that lead to the observed
increase in infectivity. Future experiments orsthéhree mutants should first employ more
sensitive real-time PCR assays to determine whétleee are in fact differences in production of

any of the DNA species assayed above which coudduat for their increased replication. If in
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fact these CA mutants do not differ from wt virasany of the steps assayed above, there is the
unlikely possibility that they preferentially intede into host genomic sites where they are more
actively transcribed. EIAV, like HIV-1, shows agierence for integration into transcription
units (22, 43). It may be possible that theseetip@ticular CA mutations can in some way

affect integration site preference in a manner lgmads to enhanced GFP expression.
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The retroviral capsid (CA) protein plays a rolesgveral early steps of the viral life cycle.
Several studies have addressed the role of CAgltine poorly-defined uncoating step, which
occurs shortly after the viral core enters theatogll cytoplasm. Lentiviruses like HIV-1 and
EIAV contain a conical core within the lipid membeaof the virion. This core is composed of
CA protein hexamers that form a hexagonal strudenmaed a fullerene cone (5, 10-12, 15, 21).
In HIV-1, proper stability of this conical core hlasen shown to be critical for infection.
Forsheyet al. introduced point mutations into the HIV-1 CA th#teeed core stability in either a
positive or negative direction, as assayedbytro experiments. Any alteration in stability
impaired infectivity at a step prior to or durirgverse transcription (7). This suggests that there
is an optimal stability to the incoming core thatritical for the early steps of uncoating and/or
reverse transcription. In addition, several grol@ge attempted to purify native core complexes
from HIV-1 virions with varying degrees of succ€$s7, 17, 27, 35) . In most cases, these
purified complexes were extremely labile and disagsied upon the addition of buffer. These
studies suggest that the HIV-1 core complex exisgsstate of metastability and that small

alterations to this stability can have deleteriefiscts on infectivity.

The retroviral CA protein has also been shown tthiegarget of certain cellular factors
that affect the uncoating process. TRIMS a well-known example of a restriction factoatth
negatively modulates uncoating through its inteoactvith CA and therefore decreases viral
infectivity. TRIMb5a targets the incoming capsid and causes an actlatsassembly of core
complexes (26, 30). The deleterious effects oélgrated uncoating and altered capsid stability

suggest that proper temporal regulation is critiocgdroductive uncoating.

Cyclophilin A (CypA) is another host cell factorattimodulates uncoating through its
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interaction with HIV-1 CA. CypA binds the HIV-1 CN-terminal proline-rich CypA-binding
loop (8, 9, 13, 24, 32). This loop is exposedlmndurface of the assembled HIV-1 capsid.
Residues Gly89 and Pro90 are particularly critioalCypA binding (3, 29, 34, 39). Disruption
of CypA-CA binding, whether through changes in amaeid residues or the addition of the
CypA-CA binding inhibitor cyclosporine A (CsA), n@ss in an infection block after entry but
prior to reverse transcription; therefore the CypA-interaction appears to be involved in
modulation of uncoating. lat al. have demonstrated that disruption of CypA-CA kmgdi
causes changes in the levels of cytosolic, pagiedUCA. The amount of particulate CA
recovered from target cell cytosol is correlatedital infectivity, with lower amounts of
particulate CA being recovered from CA mutants #ratpoorly infectious. However,

disruption of the CypA-CA interaction can causdaté#nt phenotypes depending on target cell

type (22).

More recent studies have shown that the role oidGés not end at the uncoating step.
Lentiviruses are able to infect nondividing cellels as macrophages and quiescent T cells. This
suggests that the preintegration complex (PIC) rbesctively transported into the nucleus.

The key viral determinant for nuclear import waseargly mapped to CA (36-38). Recent

genome-wide siRNA screens have identified hosteardmport factors that are critical for HIV-
1 infectivity, including nuclear pore complex conmgots NUP153, NUP358 and NUP155 and
the nuclear import protein transportin 3 (TNPO3)1@, 23, 25, 28, 33, 40). The requirements
for TNPO3 and NUP153 have both been shown to m&®Atcand knockdown of either impairs

lentiviral infection at the nuclear import step.

The CA protein of EIAV is quite similar to that BflV-1. The two proteins share 30%
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sequence identity and significant structural sintikss (9, 15). Although it has been difficult to
purify HIV-1 cores, EIAV cores may be preparedlfagasily from detergent-stripped virions,
suggesting that the EIAV core may be more stalda that of HIV-1 [(19, 27), Appendix]. In
addition, EIAV also has a proline-rich loop locateztween helices 4 and 5 of the N-terminal
domain. This loop is presumed to be exposed osulface of the assembled EIAV CA. Due to
the similarities between the two CA proteins arglgghesumed greater stability of EIAV CA, we
hypothesized that EIAV CA would be an attractivadidate with which to study the effects of
CA changes on lentiviral infectivity. In particuJave hypothesized that introducing changes
into EIAV’s proline-rich loop would yield interestyy phenotypes and that effects of the CA
mutations would manifest themselves at the uncgatiep. Similar amino acid changes in that
region of HIV-1 CA have provided insights into HWinfectivity and the uncoating process in
particular. In this study, we have introduced amaeid changes in and around EIAV’s CA helix
4-5 proline-rich loop and then followed the earfeiction steps of viruses containing these
changes. Based on the results of this study, we bancluded that alterations in this region of
EIAV CA can dramatically alter viral infectivity;dwever, infection is blocked at the nuclear

import step and not at uncoating.

Several of the amino acid substitution mutatiossiited in defects in cellular expression
or Gag processing. These defects were usuallgledsed with extremely low levels of
infectivity in Cf2-LPCX cells. However, three muata that exhibited normal expression and
Gag processing also had severely abrogated iniigctR84D, M102A, E119A). Interestingly,
three other amino acid changes resulted in virtissvere more infectious than wild-type (wt)

EIAV in Cf2-LPCX cells (L87M, N89A, N89E). All maints appeared to form morphologically
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normal cores at levels similar to wild-type EIAMiggesting that these amino acid changes did

not affect core morphology.

Based on this preliminary data, we found the CAnges created viruses that expressed
one of three infectivity phenotypes in Cf2-LPCXIlselpoorly infectious, slightly more
infectious than wt EIAV, or infectious at a levahdar to wt. Since horses are the natural host
of EIAV, we also wished to test infectivity in aguene cell line. Overall, a very similar pattern
was observed in infection of equine dermal (ED)dildasts. Those CA mutants that were
defective in Cf2-LPCX cells were also defective Eflis, while those that were similar to wt
EIAV in Cf2-LPCX cells were also similar to wt EIAM ED cells. Of the three mutants that
exhibited better infectivity than wt in Cf2-LPCXIt® two of them were also more infectious
than wt in ED cells. Finally, we also wished tettthe mutants for sensitivity to rhesus
TRIM5a, a potent restrictor of EIAV infection. All CA nants tested were restricted by rhesus
TRIM5a at levels comparable to the restriction of wt EIAMth the exception of the three
mutants that were more infectious than wt in CfZrcells. These three mutants were also

less sensitive to the restricting effects of rheBREV5a.

We had hypothesized that these CA changes migttafiral uncoating, as similar
amino acid changes in the HIV-1 CypA-binding lo@yvé been shown have effects on uncoating
that are deleterious to infectivity (7, 22). Tettéhis hypothesis, we used the fate-of-capsid
assay to monitor the conversion of particulate @piesentative of intact viral cores) to soluble
CA (representative of disassembled cores). Ovevallsaw no significant deviations from the
wt EIAV uncoating pattern for any of these CA muganData examining levels of early and late

reverse transcripts further supported this redidtvels of early and late reverse transcripts were
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close to that of wt EIAV for all CA mutants tested.

Thus far the three defective mutants and the thmatants with increased infectivity
behaved similarly to wt EIAV in the early stepsunicoating and reverse transcription. Due to
recent studies implicating CA in nuclear import, inygothesized the CA changes could affect
this step and therefore account for differencaafectivity. For the defective mutants R84D,
M102A and E119A, this was observed. These threamisiexhibited decreased production of
2-LTR circles and also showed very low levels afspent viral DNA (representative of
integrated provirus) two weeks post-infection. tAs formation of 2-LTR circles requires
nuclear DNA repair enzymes, the decreased amouHL.dR circles suggests that the PIC is not

entering the nucleus, which in turn leads to redwr®ounts of integrated proviral DNA.

TNPO3 has recently been identified as a cellulat Faxctor involved in nuclear import of
HIV-1. Knockdown of TNPO3 in HIV-1-infected celteduces the amount of 2-LTR circles.
However, knockdown has no effect on the amountlof R circles in cells infected with murine
leukemia virus (MLV) (4, 6). As a gammaretrovirddlV requires breakdown of the nuclear
envelope during mitosis to access the nucleussandtiactively transported into the nucleus
through the nuclear pore channel (NPC) like lentises. TNPO3 is a member of the
karyophering protein family that imports serine/arginine-righlising factors (SR proteins) into
the nucleus (16). TNPO3 has three protein domaamsamino-terminal Ran-GTP binding
domain, a central nuclear pore channel binding donaad a carboxy-terminal cargo binding
domain (31). Loguet al. have shown that the cargo-binding domain is reguior HIV-1
nuclear import. In addition, they have demonsttdtat several lentiviruses, including

SIVuac239 and EIAV, are also dependent on TNPO3 andaitgocbinding domain for nuclear
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import (23).

Another factor required for nuclear import of HIMislthe NPC component NUP153.
Matreyeket al. have demonstrated that the requirement for NURI&Bmaps to HIV-1 CA.
NUP153 knockdown results in decreased 2-LTR cpeteluction. Replacing HIV-1 CA with
MLV CA rendered the chimeric virus insensitive ttJR153 depletion. In addition, NUP153 is
required for infection with lentiviruses SiMc, SIVasmTan, SVasuSab, HIV-Zop and EIAV

(25).

The HIV-1 CA mutant N74D does not require TNPON&P 153 for nuclear import and
can infect nondividing cells. The N74D mutant Viiest identified in a selection for HIV-1
variants that were resistant to the dominant-negaastriction factor mCPSF6-358 (20).
MCPSF6-358 is a fragment of CPSF6, a cellular plagglation factor. It blocks nuclear import
of HIV-1, HIV-2 and SIV. Expression of mMCPSF6-388ds to decreased 2-LTR circle
production in infected cells. The HIV-1 CA mutdMi4D is resistant to mCPSF6-358. late
al. have demonstrated that CPSF6-358 binds wt HIV-1INEAcomplexes more efficiently than
it binds HIV-1 N74D CA-NC complexes (20). mCPSF®B3accumulates in the cytoplasm, and
Leeet al. speculate that the interaction of mMCPSF6-358 wiahcGuld block interactions with

critical host nuclear import factors like TNPO3.

Although N74D is insensitive to both TNPO3 and N8B Xknockdown and to the
negative effects of mCPSF6-358, interpretatiorestitts obtained using this mutant can be
complicated due to HIV-1 CA binding CypA. The N74#futation increases dependence on

CypA, and CsA treatment of cells blocks N74D iniect(2). However, adding the
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compensatory mutation G89V, which creates a CAc¢hanhot bind CypA (N74D/G89V),

renders the double mutant insensitive to CsA. dliteon, the N74D mutant cannot infect
macrophages due to a block at reverse transcrifjonFinally, HIV-1 CA mutants A92E and
G94D, which exhibit a cell-type-specific CypA repment, became insensitive to NUP153
depletion upon CsA treatment (25). CypA-CA bindargl its role in HIV-1 nuclear import
appears to be a complicated issue that can baexdfey parameters such as CsA treatment, cell

type, and amino acid changes.

Thus far, research has shown that EIAV infectide HIV-1 infection, is abrogated by
knockdown of TNPO3 or NUP153, suggesting that EI&\Xéquirement for nuclear import
factors is similar to that of HIV-1. As EIAV doe®st bind CypA, EIAV sensitivity to nuclear
import factor depletion is more straightforwardgaequirements for particular proteins are not
contingent upon CypA binding. Therefore, EIAV s a&tractive virus to use in further studies
of the role of CA in nuclear import and host progerequired for it. Current research has
focused on EIAV and nuclear import machinery vemyadlly, only showing that EIAV is
sensitive to depletion of TNPO3 and NUP153. An¥IBA mutation that renders the virus
insensitive to knockdown of either of these fact{@arsalogous to HIV-1 N74D) has not yet been
identified. However, this study has identifiedg@rEIAV CA mutants that are defective in
nuclear import. Further studies of these particoiatants should attempt to determine the
reason for this defect. An examination of the posiof the three mutants within the loop region
suggests a possible explanation (Fig. 3-1). Eadated residue (red) is located near a proline
residue (ochre). In addition, the amino acid stligins introduced create charge changes

which may disrupt critical acidic-basic interactsonith nearby side chains (red and blue),
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thereby changing the conformation of the loop.

/) ‘

Figure 3-1. The positions within the proline-rich loop of thede amino acid substitutions that cause
nuclear import defects. Red: substituted amind sesidues. Ochre: proline residues. Blue: hanged
amino acid residues whose side chains may intensictthose of the substituted residues in wt EIAV.

In addition, ongoing studies examining the requiata of host factors critical for HIV-1
nuclear import should include EIAV. Due to the eflise of CypA, EIAV CA may yield clearer
data relating to questions about host factor-CAraattion and sensitivity to host factor
knockdown. In addition, the natural host cell tyfd=IAV infection is the quiescent
macrophage, and the ability of EIAV CA mutantsntect this cell type should give a clear
indication of the effects of CA changes on infectad nondividing cells and therefore
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provide some insight into effects on nuclear import

Unfortunately, we were unable to observe any difiees between wt EIAV and the CA
mutants L87M, N89A and N89E, all of which were morectious than wt in Cf2-LPCX cells.
These mutants did not exhibit any significant défeces in uncoating as measured by the fate-
of-capsid assay. They also did not produce sicpuifily different levels of early or late reverse
transcripts or 2-LTR circles. Finally, the amoohproviral DNA measured two weeks post-
infection was similar to that of wt. Comparing thR&CS data of these mutants from 48 h post-
infection and 2 weeks post-infection shows thatiticeeased GFP positivity persists, suggesting
that the higher fluorescence observed for thesamtsiin Cf2-LPCX cells is not due to
epigenetic GFP expression from some transient DpEkies. Thus far, the experiments in this
study have not been able to determine why muta8itdl, N89A and N89E appear to be more
infectious than wild-type EIAV and also less sugit®e to restriction by rhesus TRIMS
Careful examination of standard deviation fromniean in Figure 2-2 may show that the
increase we see in infectivity in Cf2-LPCX celldgndact negligible; however, the difference in
TRIM5a susceptibility seems significant. Purified EIAVres have been used previously to
investigate the binding of TRIM5-21R to EIAV CA (L19Future studies should employ a similar
binding assay to investigate rhesus TRéMBNding to the cores of CA mutants L87M, N89A
and N89E. Reduced binding may explain the redgeeditivity to TRIM@. The possibility
also exists that the assays we used to look atatingoand production of reverse transcripts, 2-
LTR circles and integrated provirus are not sevsignough to detect small differences that may
be the basis of the increased infectivity. Finalyhough we have measured persistent viral

DNA two weeks post-infection, our assay does naialy measure integrated provirus, nor
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does it give any information about integrationsitéllV-1 and EIAV preferentially integrate

into active transcription units. Although it seemghly unlikely, one possible explanation for
enhanced GFP expression in mutants L87M, N89A a8@HB\tould be that the introduction of
these amino acid changes has in some way causedahategrate into locations where they are
more highly expressed than wt EIAV. This can baneixed using ligation-mediated PCR (LM-

PCR), which has previously been used to deternmaéntegration profile of wt EIAV (14).
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Both HIV-1 and EIAV have conical capsids composte@A protein hexamers which are
arranged in the mature virion in a hexagonal lattermed a fullerene cone (2, 4-6, 8, 11).
Although intact HIV-1 core complexes can be isaldt®m membrane-stripped viruses and
purified using sucrose-gradient centrifugationsthesolated cores are typically unstable and
tend to disassemble spontaneously in buffer (2, 32, 13). Structural studies of HIV-1 CA
have therefore typically used synthetic assemiglieated from a CA-NC protein fusion (5).
However, attempts to isolate EIAV core complexesus have proven more successful.
Roberts and Oroszlan were able to isolate intagscivom detergent-treated virions, and these
cores maintained their characteristic cone shaperugiectron microscopy (12). More recently,
Langelieret al. used purified EIAV cores to test binding of a TRAM1R protein to authentic

purified core particles (10).

Purification of EIAV coresfrom VLPs. 293T cells were transfected with the pEV53 EIAV tee@nd supernatant
was collected 36 hours post-transfection. Virus-lilarticles (VLPs) were concentrated in the SW28rr@ h at
27000 rpm. VLPs representing one T-175 flask weseispended in 3Q0 and layered over a 3Q0 7% sucrose
cushion, a 30@l 15% sucrose/1% NP40cushion, and then a 9 ml 36-8lGcrose gradient or a 9 ml 60% sucrose
cushion. Samples were centrifuged in the SW41r attd0000 rpm for either 16 h (gradient) or 3 isfdon). The
60% sucrose cushion was aspirated and the pelfrirdgfed cores was resuspended in 106f PBS. Cell lysates
were prepared using a hypotonic lysis buffer andré¥ze-thaw cycles. Cell lysates were diluted toa
concentration of 2ig/ml. For each sample, 250 of cell lysate was added to 1P of cores (the amount of purified
cores added to each sample represents 1/6 of tRs Warvested from one transfected T-175 flask sé&xgsamples
= one flask). Incubations proceeded for a givenwamh of time at 37°C. Samples were centrifugechiS®#/55

rotor, 210000xg, for 2 h. The pellet was resuspdndd.00ul SDS buffer and 5@l were blotted for p26 (each gel
lane represents Y% total pellet). Western blottimgp26 CA was done using an anti-EIAV polyclonaiism and a

HRP-conjugated anti-horse 1gG secondary antibody.
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We have attempted to isolate intact EIAV cores faetergent-treated virions to use in the study
of the effects of various cell lysates on CA si&pil The protocol used contains slight
modifications from that used by Langeletral. (10) An example of successful core purification
is shown in Figure A-1. Intact EIAV VLPs were cted by transfecting one T-175 flask with 25
ug of the EIAVgag-pol vector pEV53. The VLPs were harvested 36 h pasistection,

clarified and concentrated via centrifugation, thesuspended in 3Q0 of PBS. The VLPs

were layered onto a 3Q0 7% sucrose cushion, which was layered on top38@ul 15%

sucrose cushion containing 1% NP40. UnderneatNfRs and sucrose cushions was a 9 ml
30-70% sucrose gradient. These cushion-gradiesits then centrifuged in a SW41 rotor at
40,000 rpm for 16 hours. Following centrifugatitwelve fractions were collected top-down
from the gradient, and the “pellet” fraction at t@tom of the tube was also resuspended. Each
fraction was blotted for CA (p26) (Fig. A-1B) arftktrefractive index of each fraction was
measured (Fig. A-1C). Fractions 8-11 had the cbensity, corresponding to the density of

EIAV cores (1.22-1.26 g/ml).
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Figure A-1. Purification of intact EIAV coresfrom detergent-treated VL Psusing a sucr ose gradient. (A)
Arrangement of the VLPs, detergent cushion andosgcgradient prior to centrifugationB)( Top-down fractions
collected post-centrifugation blotted for p26 usidi-EIAV serum and an HRP-conjugated anti-hogg@ |
secondary antibody.C{ Fraction density measurements collected via c&draeter. Fractions 8-11 have a density
corresponding to that of EIAV cores.

Long sequential periods of centrifugation are regplito isolate cores from a sucrose gradient.
This minimizes the yield of intact complexes reaads most likely because cores disassemble
under repeated handling, resuspension and cerdtitung To minimize the centrifugation and
handling time in the hopes of increasing the yadlthtact cores, we attempted to purify cores
using a fixed-percentage sucrose cushion ratherdtgradient, with or without an overlay of
detergent. Figure A-2 shows the results of th@uarpercentages of sucrose tested (when a
detergent overlay was included, the percentageRgf0N‘emained fixed at 1% in 15% sucrose in

a volume of 300 ul). We hoped to determine théngdtpercentage of sucrose that would
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exclude enveloped VLPs from the pellet while stilbwing a substantial percentage of the
membrane-stripped cores to pellet. We prioritieedusion of membrane-intact VLPs over
yield and therefore chose the more stringent 60étose over higher-yield 53% sucrose. All

cores used for subsequent experiments were pudfieda 60% sucrose cushion.
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Figure A-2. Separation of enveloped VL Psfrom non-enveloped cores using a fixed-per centage sucrose

cushion. A 60% sucrose cushion allows optimal separatiopuoified core complexes from enveloped VLPs while
retaining a good yield of p26 in the pellet. Salfraction of supernatant taken from the extrerpeotcthe tube
post-centrifugation. Interface: a fraction taletrthe meniscus of the detergent layer/sucrosdamsh

Previous work has shown that HIV-1 CA mutants thatergo rapid uncoating exhibit
infectivity defects and cellular cofactors thatmate rapid core disassembly (e.g. TRiyIAlso

have negative effects on infectivity. Therefotes ipossible that the uncoating process may be a
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passive disassembly of an inherently unstableviciare. If this is the case, then during
productive infection cellular cofactors may act pamally to regulate uncoating by promoting
core stability rather than disassembly. Our latuisently investigating the possible role of
PDZD8 as one such cellular stabilizing factor udiiy-1 CA-NC complexes [Alex Guth,
unpublished data; (7)]. Thus far, we have seeniticabation of HIV-1 CA-NC complexes in
cell lysates stabilizes them to a greater exteart thcubation in buffer or PBS. We wished to
investigate whether these stabilizing effects vegnglicable to native core complexes. Two
types of cell lysates were tested: lysates fro@ ¢&lls stably expressing either the empty
retroviral vector LPCX or stably expressing rhest&$M5a. We hypothesized that the presence
of rhesus TRIM&, which restricts EIAV infection and promotes aetated uncoating of HIV-1
invivo, might also affect core stability vitro. The effects of incubation of purified cores in
either of these two cell lysates are summarizdéignre A-3. Cores were incubated with either
cell lysate or PBS for as long as 16 hours and Wwareested after various lengths of time to
develop a time course of stability. After 2 hoafsncubation in PBS, the cores ceased to pellet
during the post-incubation centrifugation, suggesthat they had disassembled. However,
cores incubated with either type of cell lysatetoared to pellet up to 16 hours after they were
added to the lysate. The amount of particulater€esenting intact cores began to decrease at
some point between 4-8 hours, as measured by Wddtgting for p26 CA in the pellet. The
presence of rhesus TRIM%n the cell lysate did not appear to affect stghisuggesting that the

presence of rhesus TRIM%n vitro does not abrogate the stabilizing effect of tHelgsate.
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Figure A-3. A time course of core stability in PBS, cell lysates, or cell lysates containing TRIM 5ag, Purified
cores were incubated for a given amount of timé& wither PBS or cell lysates at°® Post-incubation, particulate
CA protein was pelleted by centrifugation and tk#gh resuspended. Each pellet was Western blfiteo?6.

We also wished to test whether the stabilizingafiee observed with the Cf2 cell lysates was
conserved across different eukaryotic cell typegassibly even prokaryotic cells. Purified

cores were incubated with cell lysates prepareah ibdH5a bacteria, SF9 insect cell lysate,
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chicken cell lysate, Cf2-LPCX cell lysate, and kgsiiom equine dermal (ED) cells. As a
negative control, cores were also incubated wits PBhe incubation of cores with lysates
proceeded for 4 hours. Figure A-4 shows the stahg effects of the various lysates. It is
difficult to interpret whether the bacterial lysatabilized the cores. To avoid the introduction
of any detergent into the reaction, which couldlleacore disassembly, bacteria were lysed by
sonication alone and the lysate clarified by céngation. However, several proteins which
were nonspecifically recognized by the anti-EIAVYw®e remained in the lysate. It appears that
all the remaining eukaryotic cell lysates do stabithe cores to some extent, and all of them

stabilize more than PBS.

PBS
bacteria
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Figure A-4. Lysatesfrom a variety of eukaryotic cells stabilize purified EIAV cores. Purified cores were
incubated for 4 h at 3T in PBS or various cell lysates. Following inctiba, the reaction was centrifuged to pellet
intact cores. The pellet was resuspended ancedifar p26 CA. Bacteria: DHbinsect: SF9; Cf2-LPCX: canine
thymocytes; equine DF: dermal fibroblasts.
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Conclusions

The results obtained with the purified EIAV CA cemorroborate results our lab has obtained
from experiments investigating the stability of HIMCA-NC complexes. For both EIAV cores
and HIV-1 CA-NC assemblies, we see that cell lysatabilize the CA complexes better than
PBS, the presence of the restriction factor TRiM=oes not affect complex stability, and the
stabilizing effect is seen with a variety of eulatrg cell lysates. Current work in our lab is
focused on the possible identity of PDZD8 as tlwgin responsible for this stabilizing effect.
We are using both purified EIAV cores and HIV-1 GG assemblies in these experiments. The
experiments above have shown that EIAV cores caitydze purified and are reliable markers
of capsid stability forn vitro experiments. This method of core purification Wi useful in any
study examining the stability of authentic, purifieore particlesn vitro and also can be used to
support findings involving the stability of HIV-1AGNC complexes. In addition, purified EIAV
cores can be used in assays investigating thengrafiother proteins to intact EIAV CA in its

native form, as has previously been described (10).
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