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Abstract

The role of nucleocapsid (NC) in the early steps of retroviral replication appears largely that of a
facilitator for reverse transcription and integration. Using a wide variety of cell-free assay systems,
the properties of mature NC proteins (e.g., HIV-1 p7NC or MLV p10NC) as nucleic acid chaperones
have been extensively investigated. The effect of NC on tRNA annealing, reverse transcription
initiation, minus-strand transfer, processivity of reverse transcription, plus-strand transfer, strand-
displacement synthesis, 3’ processing of viral DNA by integrase, and integrase-mediated strand-
transfer has been determined by a large number of laboratories. Interestingly, these reactions can all
be accomplished to varying degrees in the absence of NC; some are facilitated by both viral and non-
viral proteins and peptides that may or may not be involved in vivo. What is one to conclude from
the observation that NC is not strictly required for these necessary reactions to occur? NC likely
enhances the efficiency of each of these steps, thereby vastly improving the productivity of infection.
In other words, one of the major roles of NC is to enhance the effectiveness of early infection, thereby
increasing the probability of productive replication and ultimately of retrovirus survival.
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1. Introduction

The nucleocapsid (NC) proteins (Leis et al., 1988) of orthoretroviruses (van Regenmortel et
al., 2000) are small (<100 amino acids), highly basic nucleic acid binding proteins (Fig. 1). In
addition, these proteins contain either one (gammaretroviruses) (Henderson et al., 1981) or two
strictly conserved zinc fingers of the sequence C-X5-C-X4-H-X4-C (CCHC) (Berg, 1986;
Covey, 1986; South and Summers, 1990). Spumaviruses, although a genus within the
Retroviridae family, maintain NC as a domain of unprocessed Gag and lack the characteristic
zinc-finger motifs found in the orthoretroviruses (Linial, 1999). The Ty3 and copia
retrotransposons also contain a CCHC zinc finger located at the COOH-terminal region of Gag,
while Tyl and gypsy retrotransposons lack the characteristic zinc-finger motifs (Darlix et al.,
1995). These species have been demonstrated to possess in vitro chaperone activities similar
to retroviral NC proteins (Cristofari et al., 1999, 2000, 2002; Gabus et al., 2006).
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In all of the retroviruses containing zinc fingers, the spacing of the zinc-binding residues is
absolutely conserved (Table 1). In addition, the surrounding sequences within a particular
retroviral species are also highly conserved, as demonstrated, for example, by the various
human immunodeficiency virus type-1 (HIV-1) sequences aligned in Table 2 (Leitner et al.,
2006/2007). The zinc fingers form stable structures with the NH,- and COOH-terminal regions,
being largely unstructured when NC is not bound to nucleic acids (see ribbon diagram of HIV-1
NC, Fig. 2, upper right) (Amarasinghe et al., 2000;Darlix et al., 1995;L ee et al., 1998;Morellet
etal., 1992,1994).

NC is absolutely required for viral replication, and genetic analyses have demonstrated that
many, even minor alterations can affect the virus assembly step by disrupting genomic RNA
(gRNA) packaging or the formation of infectious virus particles. The NC domain is a key
component of assembly processes because it is i) responsible for binding to the RNA scaffold
(discussed below) (Campbell and Rein, 1999; Campbell and Vogt, 1995, 1997; Ganser et al.,
1999; Muriaux et al., 2001; Zhang et al., 1998), which facilitates the interactions of other
regions of Gag with one another and with cellular membranes (Accola et al., 2000; Ivanov et
al., 2005; Johnson et al., 2002; Turner and Summers, 1999); and ii) is required for the
recognition and packaging of the RNA genome (Barat et al., 1989; Berkowitz et al., 1996;
D’Souza and Summers, 2005; Prats et al., 1988).

In early infection processes, NC’s key function is as a nucleic acid chaperone: the processed
protein enables nucleic acids to reach the most thermodynamically stable arrangement, i.e., the
maximum number of base pairs. Of all the NC proteins studied to date, HIV-1 NC possesses
the most effective nucleic acid chaperone activity (Levin et al., 2005) The two molecular
properties of NC responsible for this function are the ability to destabilize nucleic acid helices
and the ability to elicit nucleic acid aggregation. The basic residues are most responsible for
the destabilization activity, while the zinc fingers are largely responsible for the aggregation
activity (de Rocquigny et al., 1992; Prats et al., 1991). It should be noted that this chaperone
activity has also been observed when NC is still a domain of the Gag precursor, since melting
and annealing events occur as the virus is assembling (i.e., tRNA placement) (Feng et al.,
1999). For additional details, the reader is referred to a number of excellent reviews discussing
NC’s nucleic acid chaperone function (Bampi et al., 2004a, 2004b; Levin et al., 2005; Rein et
al., 1998).

For the purposes of this review, it should be pointed out that NC’s function as a nucleic acid
chaperone has been demonstrated in several cell-free assay systems. NC facilitates the rapid
conversion of single-stranded DNA (ssDNA) to the most stable double-stranded DNA
(dsDNA) form (Tsuchihashi and Brown, 1994). Another set of experiments using viral long
terminal repeat (LTR) sequences showed that the presence of NC increased the rate of annealing
of minus-strand complementary DNA (cDNA) and RNA repeat ® sequences roughly 3 000
fold (You and McHenry, 1994), which is the step required for minus-strand transfer during
reverse transcription (Basu et al., 2008; Telesnitsky and Goff, 1997) . Indeed, it has been shown
from in vitro reactions that NC increases the processivity of reverse transcription (Drummond
etal.,, 1997; Ji et al., 1996; Klasens et al., 1999; Wu et al., 1996; Zhang et al., 2002).

NC is synthesized as a functional domain of the Gag precursor in retroviruses; in the case of
HIV-1, this is Pr5524 (Fig. 3). Mature NC is liberated by a series of discrete retroviral protease
(PR)-mediated cleavages that begin later in assembly before virus budding takes place (Kaplan
et al., 1994b;Ott et al., 2003). For orthoretroviruses, three main proteins are liberated: matrix
(MA), capsid (CA), and NC, as well as additional peptides that are cleaved, depending upon
the specific retrovirus (Pettit et al., 1991). The initial PR cleavage of HIV-1 Pr55¢29 results in
the formation of p15NC, a peptide comprised of the p7NC, p1 (SP2), and p6 domains (Fig. 3)
(Shehu-Xhilaga et al., 2001b). The p15NC protein must be bound to RNA for PR to cleave it
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(Mirambeau et al., 2007;Sheng et al., 1997). The subsequent PR cleavage generates p9NC
(p7NC with the SP2 peptide still attached). The ultimate PR cleavage produces the 55 amino
acid form of p7NC, the predominant form detected in mature HIV-1 particles (Coren et al.,
2007;Henderson et al., 1992;Tanchou et al., 1998). It is important to note that in some studies,
p7NC is designated as being either 55 or 72 amino acids (de Rocquigny et al., 1991;Morellet
etal., 1992,1994); these are defined in the present review as p7NC and p9NC, respectively. The
actual p9NC intermediate form, comprised of p7NC + SP2 (Fig. 3), is 71 amino acids long
(Henderson et al., 1992). PR processing likely results in the presence of small amounts of
p9NC or p15NC, as PR processing is unlikely to be 100% efficient: these forms are occasionally
observed in Western blots of HIV-1 (Gorelick et al., 1999c; Tanchou et al., 1998). All of the
forms of NC, from Pr5562d to p7NC, exhibit chaperone activity to various degrees and the
nature of this activity changes as the protein reaches its more extensively processed forms. For
instance, the binding of p7NC to nucleic acids is noncooperative, while p9NC and p15NC binding
is cooperative (Cruceanu et al., 2006;Khan and Giedroc, 1994). The HIV-1 Gag precursor is
highly cooperative in its binding to single-stranded nucleic acids, a property commensurate
with its function in RNA packaging (see below) (Cruceanu et al., 2006).

Examination of the steps of viral replication has revealed that mutations in NC can cause defects
in the assembly of virus particles, gRNA packaging, RNA dimer maturation, reverse
transcription, and integration (Fig. 2). In addition, it is possible that mutations to NC may affect
core stability, although this has not been demonstrated to date. Attempts to investigate the roles
performed by NC during early infection are difficult because, as a domain of Gag, NC is crucial
for the formation of infectious virus particles (Grigorov et al., 2007). Thus, any study of NC
function in early infection processes requires the identification of NC mutants that separate
defects in the assembly/budding steps (JRNA packaging, RNA dimer maturation, etc.) from
defects in early infection events (reverse transcription/integration). For example, if a mutation
abolishes gRNA packaging, it is difficult to determine its effects on reverse transcription, as
the genome is obviously a key element for reverse transcription.

The main focus of this review is on the role of NC in early infection events as determined in
cell-culture systems. Because of this focus, we have limited discussion of in vitro studies of
NC. As a consequence, humerous in vitro studies are not cited or discussed; however, a number
of recent reviews have covered this information in depth, so we refer the reader to these for
more detail (Bampi et al., 2004a, 2004b; Darlix et al., 2000, 2002, 2007; Levin et al., 2005;
Rein et al., 1998). In addition, the vast majority of work has been performed with the HIV-1
system, so this review will focus primarily on these studies; however, we will refer to work in
other retroviral systems where appropriate.

2. The role of NC in assembly (setting the stage for reverse transcription)

Assembly of infectious virus particles is a necessary prerequisite for the early infection events,
reverse transcription and integration. As more is learned about how a virion forms and infects
a target cell, the interrelationship between these events becomes clearer. The uncoating of the
virus particle after entry of the core into the cytoplasm of an infected cell appears to be an
ordered process, so that correct virion assembly is probably required for proper core
disassembly (Forshey et al., 2002; Swanstrom and Wills, 1997). Thus, many of the ways in
which NC isinvolved in virus assembly may directly influence how the events of early infection
proceed.

For assembly to begin, cellular transcriptional machinery must generate full-length RNA
transcripts from proviruses, and these mRNASs are then translated into viral structural proteins.
Transcription is controlled by promoters/enhancers in the U3 region of the provirus (Graves
etal., 1985; Laimins et al., 1984). It has been proposed that during acute HIV-1 infection, NC
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from the incoming virus enhances the basal level of transcription, before the production of Tat,
which is involved in up-regulation of transcription (Zhang and Crumpacker, 2002; Zhang et
al., 2000Db).

A number of NC mutants have been generated that severely affect either protein processing,
production of virus particles, or gRNA incorporation. Although these mutations have been
useful for ascertaining NC’s role in assembly, they unfortunately preclude investigation of
early infection events. This section will discuss the roles of NC in assembly and production of
virus, an understanding of which is useful for interpretation of early infection data.

2.1. RNA packaging

A key role of NC during particle production is the specific packaging of gRNA into virus
particles (Fig. 2) (Berkowitz et al., 1996;D’Souza and Summers, 2005). Genetic analyses have
demonstrated that the NC domain in the Gag precursor is critical for specific recognition and
packaging of gRNA, since mutations to the zinc fingers (Aldovini and Young, 1990;De
Guzman et al., 1998b;Dorfman et al., 1993;Gorelick et al., 1988,1990,1993,1999a,1999c¢;Guo
etal., 2000;Jentoftetal., 1988;Méricetal., 1988;Mizuno etal., 1996;Poon et al., 1996; Tanchou
et al., 1998;Wang and Barklis, 1993;Zhang and Barklis, 1995) or multiple basic residues in
HIV-1 (Cimarelli et al., 2000a;Poon et al., 1996) can significantly reduce genome packaging.
NMR experiments have shown that the NC zinc fingers are responsible for specific interactions
with Psi-site sequences on the gRNA, while the basic residues contribute more to non-specific
nucleic acid binding (De Guzman et al., 1998a,1998b). Elimination of the NC domain from
Gag also disrupts specific packaging of HIV-1 gRNA, although packaging of cellular RNAs
is supported by basic residues in MA (Ott et al., 2003,2005;Rulli et al., 2007). The gRNA that
is packaged into retroviruses can be the same as that used for translation of Gag (Butsch and
Boris-Lawrie, 2002), so that the genome can be co-translationally selected by NC (packaged
in cis) as Gag is synthesized (Anderson and Lever, 2006;Poon et al., 2002). In contrast, murine
leukemia virus (MLV) genomes appear to be packaged mainly in trans (Dorman and Lever,
2000). In the case of HIV-1 and HIV-1-based vectors, the gRNA can also be packaged in trans
(Nikolaitchik et al., 2006).

2.2. Genome dimerization

A necessary step for virus particle maturation is the formation of a stable dimer complex
between the two molecules of gRNA present in the retrovirus particle (Fig. 2). Indeed, it has
been demonstrated that NC is critical for the formation of this complex (Bieth et al., 1990;Fu
et al., 1994;Fu and Rein, 1993;Méric et al., 1988). The mechanism for this stabilization is
thought to begin with limited base pairing between the genomes, termed a “kissing loop
structure,” which, with the assistance of NC expands to form a more complex, extended
structure (Girard et al., 1995;Muriaux et al., 1996;Polge et al., 2000). This process, termed
“dimer maturation,” results in the formation of a more thermostable RNA dimer, and occurs
during the maturation of the virus particle after budding (Feng et al., 1996;Fu et al., 1994;Fu
and Rein, 1993;Laughrea et al., 2001;Song et al., 2007; Takahashi et al., 2001). NC facilitates
RNA maturation via its nucleic acid chaperone activity, which assists the RNA to find the most
thermodynamically stable annealed structure. The formation of the RNA dimer probably
facilitates the complex events of reverse transcription, such as the obligatory strand-transfer
steps and the high degree of recombination observed between genomes (Hu and Temin,
1990a,1990b).

2.3. tRNA placement

Another event that occurs during particle assembly is the incorporation of tRNA molecules
into virions: these serve as the primer for the initiation of reverse transcription (Marquet et al.,
1995). The tRNA molecules are brought into virions by various means, including coassembly
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of cognate aminoacyl tRNA synthetases in the cases of HIV-1 (tRNALY$:3) and Rous sarcoma
virus (RSV) (tRNAT™) (Cen et al., 2002). For MLV, there has been no demonstration of the
involvement of a trans-acting factor for the packaging of tRNAPT (Cen et al., 2002; Fu et al.,
1997): tRNAP in wild-type MLV particles is only 2- to 3-fold greater than cellular
tRNAP™ levels, in contrast to an ~20-fold enrichment of tRNAT™ with avian leukosis virus
(Waters and Mullin, 1977) as expected, due to active tRNA incorporation. A portion of these
tRNA molecules is complementary to the primer binding site (PBS) on the viral genome. It
has been demonstrated from cell-free assays that HIV-1 NC, both in the precursor (Pr55¢29)
and mature (p7NC) forms, enables the stable annealing of its cognate tRNA to gRNA sequences,
which entails the unfolding of 15 nucleotides of the tRNA (Cen et al., 1999; Feng et al.,
1999; Hargittai et al., 2001, 2004; Huang et al., 1998; Rong et al., 2001). Again, this function
is associated with the NC’s nucleic acid chaperone activity, which increases the rate of RNA
annealing. Interestingly, disruption of the zinc fingers does not eliminate this annealing activity
(Hargittai et al., 2004). Enhancement of tRNA annealing to gRNA has also been observed with
the NC-containing peptides of Ty3, Tyl, and Gypsy (Cristofari et al., 1999, 2000; Gabus et
al., 2006).

2.4. RNA scaffold binding

NC is important for virus assembly: deletion of the NC domain of Gag results in a severe
reduction in the production of virus particles (Bowzard et al., 1998; Dawson and Yu, 1998;
Ott et al., 2003; Sandefur et al., 1998, 2000). In the case of RSV and MLV, NC is strictly
required for particle production (Lee and Linial, 2006; Muriaux et al., 2004). Interestingly, in
some viruses, the NC domain could be functionally substituted with a leucine zipper motif
(Johnson et al., 2002; Li et al., 2007; Zhang et al., 1998), implying that one of the functions of
NC in assembly is to stabilize interactions between Gag molecules. As a result, it was proposed
that NC possessed an | (interaction) domain necessary for Gag multimerization, and results
obtained from NC deletion mutants indicated that multiple basic residues are required for this
activity (Cimarelli et al., 2000a; Sandefur et al., 2000). However, for HIV-1, efficient
production of virus particles from an NC deletion mutant was rescued by a mutation that
eliminated PR activity, suggesting that the actual defect caused by some NC deletion mutations
was accelerated PR processing of Gag (Ott et al., 2003). A similar rescue in particle production
by inactivating PR was reported for a NC mutant lacking basic residues (Wang et al., 2004).
The rescue of particle production in NC deletion mutants by inactivating PR has not been
observed in other systems using different cell lines, suggesting a cell-type specific effect (Ono
and Freed, personal communication). Thus, it is likely that the | domain is not simply a protein
multimerization domain, as suggested by the ability to replace NC with a leucine zipper motif,
but that the binding of NC to gRNA results in the congregation of Gag molecules, which drives
multimerization via CA. This idea is termed RNA scaffolding.

The RNA scaffold hypothesis follows from the evidence discussed above, as well as the
observation that virus-like particles are produced from cells that only express retroviral Gag
proteins (Swanstrom and Wills, 1997). A key observation is that these virus-like particles
incorporate cellular RNA in the absence of a Psi-containing RNA (Muriaux et al., 2002; Rulli
et al., 2007). In fact, Gag can assemble into virus-like particles in cell-free systems as long as
RNA is present, even if it is not viral (Campbell and VVogt, 1997). Thus, an RNA scaffold is
required for particle assembly (Fig. 2) (Muriaux et al., 2001). Two regions of HIVV-1 Gag
contribute to RNA binding and particle assembly: a patch of basic residues in the MA domain
and basic residues in the NC domain (Ott et al., 2005; Poon et al., 1998). For other retroviruses,
NC is the sole determinant for binding to nucleic acids during assembly, mainly via nonspecific
ionic interactions between the basic amino acids and nucleic acid phosphate backbone
(Kréusslich, 1991; Lee and Linial, 2004).
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Another requisite step in the production of infectious HIV-1 particles is PR processing of
Pr55Gad (Fig. 3) and Pr160G29P0! |t is evident that the rate and order of the PR-mediated
cleavage at the PR recognition sites in Pr55G29 and Pr160%29P0! are critical for the production
of infectious virus particles (Krdusslich et al., 1995;Pettit et al., 1998;Shehu-Xhilaga et al.,
2001b;Wiegers etal., 1998), and even small decreases in PR activity can affect virus infectivity
significantly (Kaplan et al., 1993). PR processing and particle maturation are conceptually
linked because particles produced by PR-defective virions result in an immature phenotype
(Gottlinger et al., 1989), but although PR is necessary, it is not sufficient to produce infectious
particles. Interestingly, PR processing appears to be largely complete as soon as virus particles
are isolated after budding (Kaplan et al., 1994b), and even blocking the last cleavage step,
which is the conversion of p25 to p24 (i.e., the removal of p2 (SP1) from p25) (Li et al.,
2003;Pettit et al., 1994;Wiegers et al., 1998), is enough to produce an immature phenotype.
Thus, the bulk of the maturation process in HIV-1 particles is the formation of a core by CA,
gRNA condensation, and establishment of a proper nucleoprotein structure that is competent
for reverse transcription.

3. Reverse transcription processes

The conversion of gRNA to full-length dSDNA is an essential early step in retroviral replication
(Fig. 2), but it is a complex process requiring at least two strand-transfers (Basu et al., 2008),
and the RNA- and DNA-dependent polymerase transcription of RNA and cDNA sequences,
respectively (Fig 4). For a detailed description of general reverse transcription, see Telesnitsky
and Goff (1997). The viral nucleic acids used as templates for polymerization possess extensive
and complex secondary structures that need to be dealt with as well. Many laboratories have
developed cell-free systems to investigate the properties and to determine the mechanism of
each of the key steps in this process: it is clear that reverse transcriptase (RT) alone can
accomplish many of these steps, albeit inefficiently, with RT pausing and template self-priming
being just a couple of the more deleterious consequences (see later).

Of course, in the context of the virus, RT is not the only protein present, and it must perform
its functions in the context of gRNA being completely coated with NC (Darlix et al., 2002). It
is likely that other cellular and viral proteins are also involved in this process. Interestingly,
when NC is added to these various cell-free systems, it typically enhances the efficiency of the
reaction by several orders of magnitude, which is thought to be due to its nucleic acid chaperone
properties. As mentioned above, a number of excellent reviews have been published, detailing
how NC functions as a chaperone in cell-free systems, and highlighting the molecular
properties of NC (Bampi et al., 2004a, 2004b; Darlix et al., 2000, 2002, 2007; Levin et al.,
2005; Rein et al., 1998). Characterization of NC function during specific events of reverse
transcription using highly defined in vitro systems is different from what occurs in the context
of virus. Nevertheless, these systems provide critical insights that assist in the interpretation
of the processes that take place within an infected cell. They also provide clues regarding
possible antiviral therapies by identifying all the possible steps that may be disrupted when
NC is targeted.

3.1. NC chaperone activities in vitro

The properties of NC have been examined in many different cell-free assays, developed to
investigate its role in reverse transcription. The majority of studies have used either the 55
amino acid form of HIV-1 p7NC or a version termed p7NC (1-72) (de Rocquigny et al.,
1991), which is a chemically synthesized form that is actually one amino acid longer than
authentic p9NC (comprised of p7NC and SP2) (Henderson et al., 1992). Based on these results,
it has been observed that HIV-1 NC can greatly enhance the rate of tRNA primer annealing to
the PBS of the gRNA (Fig. 4B) (Barat et al., 1993; Hargittai et al., 2001, 2004; Huang et al.,
1998; Khan and Giedroc, 1992; Tisné, 2005). This annealing step involves the partial disruption
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of tRNA structure so that its 3 18 nucleotides can form base pairs with the PBS region on the
gRNA. Similar annealing can also be performed using heat to destabilize the intramolecular
base pairing of these sequences (Beerens and Berkhout, 2000), indicating the utility of NC in
performing this at physiological temperatures. Annealing of the tRNA to gRNA is one
requirement for initiation of reverse transcription, so that there is the potential for mutations
in NC to prevent even the earliest product of reverse transcription. Reverse transcription from
this primer to the 5’ end of the RNA genome forms the DNA product called minus-strand
strong-stop DNA (Fig. 4C). Importantly, this gRNA region includes R and U5, which in the
case of HIV-1, contain extensive secondary structures. The R region includes TAR, which is
a very stable RNA structure that is involved in interactions with the Tat protein and is
responsible for transactivation of the HIV-1 LTR promoter (Roebuck and Saifuddin, 1999).

As the minus-strand strong-stop DNA is being synthesized, the RNase H domain of RT digests
the RNA template of the newly synthesized heteroduplex into small fragments (Schultz and
Champoux, 2008) (Fig. 4C). RNA digestion by RNase H exposes the DNA as a single-stranded
region that is complementary to the 3’ end of the RNA genome (Peliska and Benkovic,
1992). This sets the stage for the minus-strand transfer event that is required for continued
synthesis of the minus strand viral DNA (vVDNA) (Fig. 4D). This strand-transfer is greatly
enhanced by NC, both from an acceleration of the annealing of 5’-R cDNA to the 3'-R region
of the genome (Allain et al., 1994; Guo et al., 2000; Hu and Temin, 1990b; Peliska et al.,
1994; You and McHenry, 1994) and by stimulation of the RNase H activity (Peliska et al.,
1994; Rodaetal., 2003). Because NC facilitates the formation of nucleic acid structures having
the maximum number of base pairs, the RNase H activity will result in the cDNA R region
being bound to fragments of gRNA, thus forming fewer base pairs than that present in the 3'-
RNA R region (Tsuchihashi and Brown, 1994).

A case that illustrates how the nucleic acid chaperone activity of NC functions is from the work
of Jeeninga and collegues. In assays that mimic the minus-strand transfer event, the presence
of excess RNA, complementary to the entire minus-strand strong-stop DNA sequence blocked
strand transfer, even in the presence of NC, because this RNA formed a greater number of base
pairs than would be formed by the transfer event where just the R region is complementary
(Jeeningacetal., 1998). However, in vivo, cleavage of the gRNA, as it is copied by RT, prevents
such an event since the transfer product would form a more extensively annealed structure than
the Rnase H-cleaved VRNA oligonucleotides. In addition, increasing the rate of strand transfer
should also reduce the possibility of self-priming, caused by the cDNA R region folding back
upon itself, resulting in RT-mediated DNA synthesis of the strong-stop DNA just generated.
In vitro reactions show that NC prevents this self-destructive reaction (Driscoll and Hughes,
2000; Guo et al., 1997; Lapadat-Tapolsky et al., 1997; Rascle et al., 1998).

The ability of NC to destabilize nucleic acid secondary structure is advantageous in that it
enhances the processivity of reverse transcription (Fig. 4E), resulting in a greater proportion
of full-length vDNA products. The enhancement of processivity is coupled with a decrease in
the total number of partial products synthesized, since RT continues synthesizing a strand rather
than falling off at a pausing site and reinitiating a nascent DNA strand (Drummond et al.,
1997;Ji et al., 1996;Tanchou et al., 1995;Wu et al., 1996). During the synthesis of the full-
length minus-strand DNA, RNase H continues to digest the RNA template portion of the
heteroduplex, but there are polypurine tract (PPT) regions that are resistant to cleavage (Fig.
4E). In most retroviruses, the 3* PPT defines the 5° U3 end of the 5°-LTR (Rausch and Le
Grice, 2004). In lentiviruses an additional region denoted the central-PPT (cPPT) is important
for completion of DNA synthesis in a timely fashion. In addition, DNA synthesis from this
region results in the formation of the central flap, a 99 nucleotide sSDNA section that has been
implicated in the nuclear import of preintegration complexes (PICs) in non-dividing cells
(Arhel et al., 2007;Charneau et al., 1992;Zennou et al., 2000).
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In the last obligatory strand-transfer event, plus-strand transfer (Basu et al., 2008; Telesnitsky
and Goff, 1997), the minus-strand PBS anneals to the plus-strand PBS, forming a circular
intermediate in the case of an intra-strand transfer product (Fig. 4F); an end-to-end linear
product would result from an inter-strand transfer event. NC also enhances plus-strand transfer,
although the regions of secondary structure are less complex than what was encountered during
annealing of the R regions (containing the TAR and cTAR stem-loop regions) when minus-
strand transfer took place (Guo et al., 2000; Johnson et al., 2000; Wu et al., 1999, 2007). In
addition to enhancing the obligatory strand-transfer events, NC also facilitates internal strand-
transfers, thus promoting the high rate of recombination observed between the two RNA
genomes (Derebail et al., 2003; Negroni and Buc, 1999; Raja and DeStefano, 1999; Ramirez
et al., 2008; Roda et al., 2002).

Completion of reverse transcription requires strand-displacement synthesis, which is strand
synthesis through a region of dsDNA (Fig. 4G). For most retroviruses, a single event results
in completion of the LTR ends (Fuentes et al., 1996b;Whiting and Champoux, 1998). RT by
itself is capable of such synthesis, but again, the presence of NC greatly enhances this process
(Fisher et al., 2003;Hameau et al., 2001;Kelleher and Champoux, 1998;Paulson et al.,
2007;Urbanejaetal., 2002). The failure to complete strand-displacement synthesis would result
in incomplete LTR ends. This, in turn, would create vDNA that cannot integrate. Strand-
displacement synthesis is also essential in creating the central flap region that is located in the
vicinity of the cPPT (Fuentes et al., 1996a;Hameau et al., 2001) and, as mentioned above,
seems necessary for efficient lentiviral replication.

An additional finding showed that interactions of NC in in vitro reverse transcription complexes
(RTCs) were able to facilitate nucleotide excision repair by reverse transcriptase. Interestingly,
pINC, but not p7NC, could function in this capacity (Bampi et al., 2006). The mechanism of
this is thought to be stabilization of RT on the DNA template (Lener et al., 1998). This
observation is correlated with other experiments demonstrating that poNC i) binds and releases
more slowly than p7NC and ii) has a cooperative component in its binding to nucleic acids
(Cruceanu et al., 2006).

Properties of NC important for facilitating the many steps of reverse transcription are its ability
to destabilize annealed nucleic acid structures and its ability to aggregate nucleic acids. A single
HIV-1 NC molecule has multiple nucleic acid binding sites that allow intra- and intermolecular
interactions (Fisher et al., 2006), thus providing an excellent explanation for these aggregative
properties. Aggregation appears to be beneficial for bringing nucleic acid strands into close
proximity, a feature that would certainly aid in the strand-transfer reactions and recombination
events. In addition, NC-nucleic acid aggregates have been shown to be dynamic structures. A
recent study has illustrated the nature of model NC-nucleic acid aggregates. In this report,
p7NC co-aggregated with ssDNA in a Mg2*-dependent manner, which could be visualized by
transmission electron microscopy (TEM). It was observed that these aggregates could be
dispersed by adding either G-quartet oligonucleotides, which are DNA structures that NC binds
with high affinity, or an excess of T4 gene 32 protein, a prototypical single-stranded binding
(SSB) protein. Critically, the competition experiments demonstrated that these aggregates are
in equilibrium with the components in the solution (Mirambeau et al., 2006). In a second study
it was demonstrated that when RT is added to the NC-nucleic acid aggregates in the presence
of Mg2* and deoxynucleotide triphosphates (ANTPS), it was able to convert the primed, ssSDNA
to dsDNA. Interestingly, as the reverse transcription reaction proceeded, the amount of p7NC
bound to the complex progressively decreased, but was not completely eliminated. The
decrease in p7NC present is probably because of a relatively low affinity for dsDNA, but the
observation that p7NC was still bound reflected that the DNA synthesis reaction also resulted
in the formation of an ssDNA flap, with p7NC remaining tightly bound to this region. Using

Virus Res. Author manuscript; available in PMC 2009 December 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Thomas and Gorelick

Page 9

TEM, it was observed that this flap region was extended, in a manner similar to when SSB
proteins bind DNA (Mirambeau et al., 2007).

Another aspect of the cell-free reverse transcription reaction on ssDNA-NC aggregates is the
effect of PR-digestion of p15NC. When p15NC was added to ssDNA, the protein bound to and
extended the nucleic acid strand like a canonical SSB protein. PR subsequently cleaved
p15NC removing p6, then cleaved the p9NC protein, finally forming p7NC (Fig. 3). As PR
processing proceeded, a progressive aggregation of single-stranded nucleic acid was observed.
As mentioned above, during RT conversion of the primed ssDNA to dsDNA in the presence
of Mg2* and dNTPs, the aggregates dispersed. Dispersal of aggregates was almost complete
in the presence of p7NC, but not as extensive when p9NC was present. This study displays how
the organization and properties of the nucleoprotein complex can change as a result of the
activities of PR and RT, reflecting parallel processes that take place during virion assembly/
maturation and early infection events (Mirambeau et al., 2007).

3.2. NC chaperone activities in cell culture

A particular challenge in the interpretation of results obtained from infection experiments is
that many concurrent processes are taking place. These may be related or unrelated, competitive
or noncompetitive, and the result of one reaction will likely alter the outcome of another. Thus,
it is helpful to apply the knowledge obtained from in vitro reactions to what is observed in
cells. Cell culture-based studies have been performed to ascertain the progression of reverse
transcription, either by Southern blotting, or more recently, by semi-quantitative or quantitative
PCR amplification of defined reverse transcription products. A quantitative assay for the
detection of strand-specific target sequences has even been recently developed (Thomas et al.,
2007a). For PCR analysis, one can amplify different target sequences that correspond to the
completion of specific reverse transcription steps, such as detection of minus-strand strong-
stop VDNA, by using primers that bind the R-U5 region (Fig. 4C); the presence of this target
sequence is a good indicator of whether reverse transcription initiated. In a similar manner,
one can examine production of U3-U5 vDNA, which is formed after minus-strand transfer
(Fig. 4D); gag vDNA, which is formed during late minus-strand synthesis (Fig. 4E); and
R-5’UTR, which is present only after the plus-strand transfer event has taken place (Fig. 4F)
(Buckman et al., 2003; Butler et al., 2001; Nagy et al., 1994; Tanchou et al., 1998; Thomas et
al., 2006a, 2007a; Zack et al., 1990). Using these techniques, mutations to NC have given rise
to anumber of different phenotypes: those that block reverse transcription from initiating, those
that decrease the progression of reverse transcription, and those that show little apparent effect
on reverse transcription.

Infection studies using MLV have identified several NC mutations that appear to cause severe
defects in vDNA synthesis. These defects were manifested either by reduced amounts of early
VvDNA products (Gorelick et al., 1996; Méric and Goff, 1989; Yu and Darlix, 1996), or reduced
stability of the newly synthesized vVDNA (Gonsky et al., 2001; Yu and Darlix, 1996). In
addition, some studies examined the amounts of 2-L TR circles, whose existence indicates near
completion of reverse transcription and exposure to nuclear ligases, and observed that some
mutations resulted in decreased amounts compared to wild-type virus, while other mutations
exhibited evidence of heterogeneous 2-LTR circle populations (Gorelick et al., 1999b). This
latter result was verified by PCR amplifying, cloning, and sequencing of the 2-LTR junctions.
As expected, these studies showed that PCR detection was more sensitive than Southern
blotting, but they also showed that mutations to the zinc-binding residues caused a more severe
defect in vDNA synthesis than mutations to other amino acid residues, such as the conserved
aromatic amino acid residues in NC (Gorelick et al., 1999b). MLV is a gammaretrovirus, and
as such has only a single zinc finger domain; therefore, it is helpful to compare these results
with those from HIV-1 and simian immunodeficiency virus (SIV), which, being lentiviruses,
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have two zinc fingers. In the case of SIVmac239, it was reported that mutations that eliminated
zinc binding by either the NH,- or COOH-terminal zinc fingers only slightly impaired synthesis
of cDNA, but no plus-strand transfer products were detected. This indicated that these
mutations induce a more severe defect on the plusstrand transfer step than on minus-strand
transfer or minus-strand synthesis (Akahata et al., 2003).

Results from infections using HIV-1 NC-mutant viruses have shown phenotypes similar to
those observed with other retroviruses. There are also some interesting cell-type and viral
strain-specific effects. It was reported that several mutations to certain basic residues in the
NH,-terminal basic region (Table 3) could greatly reduce vDNA synthesis (Berthoux et al.,
1997;Cimarelli et al., 2000b), although, since 2-LTR circles could be readily detected, the
R10A/K11A mutants showed less of a defect. In addition, it was observed that the defect
associated with the RLOA/K11A mutation in NC depended on the virus strain: in the context
of HXB2, the mutant was very replication defective, but in the context of NL4-3, the mutant
replicated in virtually the same way as wild-type did (Cimarelli and Luban, 2001). Another
HIV-1 NC mutant, where amino acids Arg29/Ala30 were replaced with the residues Ser-His-
Ala-Trp (Table 3), blocked synthesis of even early vDNA product. However, there was
evidence of a cell type-specific defect: in HI cells this mutant was replication defective, but it
did replicate in A3.01 and M8166 cells (Furuta et al., 1997;Kawamura et al., 1998;Koh et al.,
2000). The reason for the cell-specific responses is not clear and was not discussed.

Mutations that altered the zinc finger structure while preserving zinc binding and gRNA
packaging (NCpa3c or NCaac; Table 3), did not appreciably reduce the initial amount of
vDNA synthesized when early and late reverse transcription products were examined (Tanchou
etal., 1998;Thomas et al., 2006a). Only a minor defect was detected in plusstrand transfer at
early time points after infection (Thomas et al., 2006a). These mutations reduced the apparent
intracellular stability of the nascent vDNA so that quantities at 24 hours post-infection were
significantly lower than wild-type (Buckman et al., 2003;Tanchou et al., 1998;Thomas et al.,
2006a). Some PCR studies detected the presence of 2-LTR circles after infection with these
mutants (Gorelick et al., 1999c;Thomas et al., 2006a), although another PCR study using
different primers did not detect them (Tanchou et al., 1998). As mentioned earlier, the presence
of 2-LTR circles indicates near completion of reverse transcription and exposure to nuclear
ligases, and thus provides a snapshot of the LTR ends just before ligation. Interestingly, it was
observed that the 2-LTR circles formed after infection exhibited defects at the joined LTR
ends. PCR cloning and sequencing showed that both the NCpo3¢ and NCnas4c mutations cause
insertions and deletions at a higher rate than wild-type (Buckman et al., 2003). The presence
of vDNA species with improper ends would not be suitable substrates for the subsequent
integration reaction and could account for some of the replication defects observed with these
NC mutants.

Recent studies investigating the importance of PR processing of NC (Fig. 3) (p15NC to poNC
+ p6, then to p7NC + SP2) (Shehu-Xhilaga et al., 2001a) revealed that mutations that prevent
the conversion of p9NC to p7NC (i.e., the removal of the p7NC-SP2 cleavage site) did not have
a significant impact on infectivity, replication, or vDNA synthesis. However, mutations that
prevented the formation of pONC by altering the PR cleavage site between SP2-p6, creating
only p7NC + SP2-p6 products, caused huge defects in replication but only minor defects in
synthesis of reverse transcription products (Coren et al., 2007). Likewise, in another study
where the conserved Asn residue at position 17 in the NH,-terminal zinc finger of NC was
mutated to Phe or Gly (Table 3), a defect of several orders of magnitude was detected in
replication assays, but the processivity of reverse transcription appeared similar to wild-type
(Thomas et al., 2006b).
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A common phenotype that was observed with NCp23¢, NChaac, NCn17r, and p9NC-deficient
mutants discussed above was a decrease in H9-replicative titer compared to wild-type virus,
in some cases more than 6 logs. However, when one examines the magnitude of the reverse
transcription defects that results from these NC mutations, the effect on vDNA synthesis is
much smaller. What has been observed thus far is that these mutations do not block the synthesis
of vDNA nearly enough to account for the replication defects. In general, if mutations to NC
allowed reverse transcription to begin, the process appeared to go to completion at a reasonably
high efficiency (Coren et al., 2007; Thomas et al., 2006a, 2006b). The lack of an effect on
reverse transcription processes is in contrast to specific and substantial defects observed in
cell-free assays that employ these same mutant NC proteins.

The reason for the discrepancy between the in vitro and cell culture-based results is probably
because of several factors. First, the process of reverse transcription, as it occurs in a RTC, is
difficult to model in vitro due to technical problems of protein and nucleic acid concentrations.
Thus, even if a mutant NC protein is not able to facilitate a particular step in reverse
transcription under the in vitro conditions used, the concentrations of NC would be greater in
the virion, shifting the equilibrium of the specific reaction. Additionally, the physical state of
the nucleoprotein complex within the virion is essentially that of a precipitate or aggregate,
and many of the in vitro assays have been developed so that protein and nucleic acid
components remain soluble. Perhaps these events could be modeled in the aggregation systems
developed by Mirambeau and colleagues (Mirambeau et al., 2006, 2007). Second, in cell
culture-based analyses of virus replication processes, it is possible that a number of cellular
and viral proteins can facilitate several of these processes in a manner similar to NC. This
possibility is based on in vitro evidence of chaperone function and a few examples of viral
proteins include Vif (Henriet et al., 2007), Tat (Guo et al., 2003), and even integrase (IN)
(Dobard et al., 2007). The cellular prion protein PrP has also been shown to possess NC-like
chaperone activities and could facilitate many of the same reactions as NC in vitro (Derrington
etal., 2002; Gabus et al., 2001a, 2001b). Other as yet unidentified components may be able to
provide the necessary NC-like functions in reverse transcription when the NC protein is altered.
The extent to which any or all of these factors in cell culture-based assays supplement NC
function is unknown. It is possible that retroviruses may rely on the functional redundancy of
these other factors to carry out effective replication.

Interesting findings regarding the role of NC in replication have also been uncovered through
experiments using compounds that either compete with NC for nucleic acid binding or eject
zinc from the zinc fingers. These types of studies complement observations obtained by genetic
analyses, since they allow one to drastically alter NC function after proper assembly of virion
particles. Either virions or cells to be infected were treated with these NC-targeting compounds,
and then vDNA synthesis was measured. In these types of experiments, it was observed that
reverse transcription was either greatly diminished or completely blocked, depending upon the
extent to which NC was modified by the compounds (Berthoux et al., 1999; Morcock et al.,
2005; Rossio et al., 1998; Srivastava et al., 2004; Turpin et al., 1999) or the concentration of
the NC competitors added to the systems (Druillennec et al., 1999). The results of these
experiments independently support the hypothesis that NC is critical for reverse transcription.

3.3. NC mutations causing premature reverse transcription

Several HIV-1 NC mutant virions, NChz3c and NCnaac (Table 3), have been extensively
studied by this and other laboratories. Kinetic studies indicate that reverse transcription in
cultured cells occurred at a reasonable rate, but that the apparent stability of the vDNAs
produced after infection with these mutants was lower than that observed by wild-type virus
(Thomas et al., 2006a). Subsequently, we observed that much higher levels of vDNA were
contained within these mutant virions [unpublished data]. Currently, it is not known whether
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premature reverse transcription is a phenotype that would be observed in other
orthoretroviruses. However, this phenotype is not unheard of since in prototype foamy viruses
(PFVSs), the particles contain mostly reverse-transcribed VDNA, rather than gRNA (Linial
1999). The fact that these HIV-1 NC mutants are severely replication defective suggests that
increasing the efficiency of reverse transcription initiation is detrimental to viral replication.
In agreement with this idea, primer activation signal (PAS) mutants that prevent binding of the
anti-PAS motif in the T¥C arm of the tRNALYS3 result in increased reverse transcription
activity and also cause replication defects (Abbink and Berkhout, 2007;Beerens and Berkhout,
2002;Beerens et al., 2001).

Intriguingly, itis not possible for reverse transcription to occur in virions after budding because
the levels of dNTPs present are too low to permit synthesis of the observed amounts of vDNA.
This in turn suggests that these NC mutants allow reverse transcription to initiate in the
cytoplasm prior to budding. The mechanism behind this observation is not understood at this
time, but this scenario is not improbable, since unprocessed Gag-Pol has been demonstrated
to carry out efficient endogenous reverse transcription (Kaplan et al., 1994a). Interestingly,
these NC mutants show no activity in endogenous reverse transcription reactions [unpublished
data], probably because the genome template is consumed during the formation of the vDNA.
The RT from these mutant particles is, however, competent in exogenous template reverse
transcription assays (Gorelick et al., 1999c).

4. Uncoating and nuclear transport

Receptor binding and virus fusion with cells result in the virion core entering the cytoplasm.
Upon entry, there is concomitant core uncoating and reverse transcription, although the details
of this process are still poorly understood (Nisole and Saib, 2004). Reverse transcription occurs
with remodeling of the nucleoprotein complex to form the PIC that enters the nucleus, where
the integration process occurs (Fig. 2). The various steps and NC’s involvement are described
below.

4.1. Entry of the virion core into the cytoplasm

The reverse transcription process is proposed to begin immediately after entry of the virion
core into the cytoplasm. The initiation of reverse transcription is dependent on the presence of
dNTPs: this is graphically illustrated by observations that reverse transcription proceeds poorly
in quiescent cells where intracellular dNTP concentrations are low (Zack et al., 1990, 1992),
and simply increasing the concentration of dNTPs permits accumulation of full-length vDNA
(O’Brien et al., 1994). In addition, it is possible that the size and structure of cell-free virions
preclude significant DNA synthesis before cytoplasmic entry, so that core disassembly is
necessary for reverse transcription to occur. There are reports that reverse transcripts are present
in extracellular virions, but as no more than 1 in 1 000 particles have minus-strand strong-stop
DNA (Lori etal., 1992; Trono, 1992; Zhang et al., 1993; Thomas and Gorelick, unpublished
observations), the significance of this in infection processes is tenuous.

For HIV-1, the virion core that enters the cytoplasm and begins this process is thought to consist
of a capsid shell comprised of p24©A, which surrounds the nucleocapsid core (dimerized RNA
genome, tRNALYS3 primers, and ~2 000 molecules of p7NC). In addition, purified cores have
been shown to contain RT, IN, PR, Vpr, and small amounts of Pr55¢28 and p41MA-CA (Miller
etal., 1997; Welker et al., 2000). This nucleoprotein assembly is termed the RTC. As the RTC
uncoats, reverse transcription proceeds and the complex is transported through the cytoplasm
to the nucleus where it is converted into a PIC, and in the case of non-dividing cells with
lentiviral infections, is actively transported into the nucleus (Fig. 2) (Dvorin and Malim,
2003; Nisole and Saib, 2004; Warrilow and Harrich, 2007). For retroviral infections in actively
dividing cells, it has previously been shown that PICs gain access to the nucleus by passive
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diffusion during cell division when the nuclear membrane breaks down during mitosis (Roe et
al., 1993).

4.2. RTCvs PIC

One of the challenges to studying early infection events is how to isolate authentic RTCs or
PICs so that the exact components of these nucleoprotein complexes can be ascertained.
Conceptually, a RTC is a complex where reverse transcription initiates and remains intact until
the process is complete. A PIC consists of a complex containing full-length vDNA, the
substrate for integration. In practice, it is probably more accurate to view this as a continuum
starting with a RTC and ending with a PIC. Experimentally, biochemical isolation of these
complexes is complicated by their labile and unsynchronized nature, which makes it difficult
to separate the two complexes. For instance, many of the published studies examine RTCs/
PICs at 8 hours postinfection, by which point vDNA can be detected in the nucleus, so these
complexes are either entirely PICs or very mature RTCs.

Genetic analyses in HIV-1 have provided many suggestive results in that certain mutations to
p24CA or p17MA can block either reverse transcription or nuclear entry. During Pr55629
synthesis, the majority of MA is myristylated at the amino-terminus. This myristylation is
necessary for membrane binding of Pr55G39. However, it has been reported that a subset of
Pr55%2d js not myristylated, but instead is phosphorylated on Ser or Tyr residues in the MA
domain (Bukrinskaya et al., 1996; Gallay et al., 1995b; Kaushik and Ratner, 2004). In the case
of phosphorylation of MA Tyr residues, nuclear import effects appeared to be dependent on
multiplicity of infection (Freed et al., 1997; Trono and Gallay, 1997). Phosphorylated MA is
associated with the virus core and localizes to the nucleus after infection (Gallay et al.,
1995a). Interestingly, mutations that eliminate the Ser or Tyr residues can reduce infectivity
by blocking either nuclear entry (Bukrinskaya et al., 1996; Gallay et al., 1995a) or reverse
transcription (Kaushik and Ratner, 2004).

In addition, a number of mutations to CA can reduce infectivity (Wacharapornin et al., 2006)
also by blocking either nuclear entry (Dismuke and Aiken, 2006; Fitzon etal., 2000; Yamashita
and Emerman, 2004) or reverse transcription (Fitzon et al., 2000; Forshey et al., 2002; Tang
et al., 2001). The mechanism behind these defects may be due to improper core disassembly,
since many of these mutations appear to stabilize the core (Dismuke and Aiken, 2006; Forshey
etal., 2002; Kiernan et al., 1998; Wacharapornin et al., 2006). In conceptual agreement with
the idea that HIV-1 core uncoating is an important step in infection, the TRIM5a restriction
factor from Old World monkeys apparently functions by accelerating core uncoating, which
impairs normal reverse transcription (Forshey et al., 2005; Stremlau et al., 2004, 2006). Also
in line with the idea that the rate of core uncoating is important, we have observed that certain
mutations to NC (NCpa3c and NChaac; Table 3) cause reverse transcription to commence and
proceed much faster than for wild-type virus, but the vDNA generated integrates very poorly
for some unknown reason (Thomas et al., 2006a). It is possible that accelerated reverse
transcription would cause premature disassembly of the core structures, leading to aberrant
PIC structures: electron micrographic observations of virions that have undergone natural
endogenous reverse transcription because of exposure to dNTPs, exhibit poorly defined cores
compared to untreated virions (Zhang et al., 2000a).

4.3. Protection of vDNA by NC

As the RTC is transported to the nucleus, the vDNA is a likely target of attack by cellular
nucleases. It has been observed from in vitro assays that nucleic acids coated with NC are
protected against nucleases (Krishnamoorthy et al., 2003; Lapadat-Tapolsky et al., 1993;
Tanchou etal., 1995). Infection experiments have supported the idea that NC stabilizes nascent
VvDNA in the cytoplasm (Buckman et al., 2003; Gorelick et al., 1999b; Tanchou et al., 1998;
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Thomas et al., 2006a). This evidence comes from several observations. It has been observed
that these NC mutants often permit reverse transcription to proceed close to wild-type
efficiency, but that the ends are unstable. This may mean that the ends were not completed
during strand-displacement synthesis (Fig. 4G), or that they were degraded by exonucleases
(Buckman et al., 2003; Gorelick et al., 1999b; Tanchou et al., 1998). A kinetic analysis of
VDNA synthesis and loss after infection demonstrated that VDNA produced after infection with
virus containing either NCpyo3c or NCnaac mutations was far less stable than wild-type. This
is partially due to the integration defect that will be discussed below; the most stable vDNA
form is that which is integrated and is replicated as the cell divides.

Circular forms of vDNA (1- and 2-LTR circles) are reasonably stable but are diluted upon
successive rounds of cell division because they are not duplicated, and linear forms can be
rapidly degraded if not protected effectively. The instability of vDNA was highlighted by two
observations: i) there was no apparent increase in accumulation of reverse transcripts at early
time points after infection as was observed in wild-type HIV-1, and ii) the reverse transcripts
that were synthesized decreased at a faster rate than in wild-type infections (Thomas et al.,
20064a). The levels of p7NC associated with the RTC/PIC most likely decrease with time during
the conversion of the RNA genome to the double-stranded vVDNA, as has been demonstrated
in vitro (Mirambeau et al., 2006, 2007). The fact that the mutant NC proteins do not bind to
nucleic acids as well as wildtype NC (Cruceanu et al., 2006; Urbaneja et al., 1999) may also
lead to a more rapid reduction in vDNA and loss of NC from complexes. Although overall NC
levels may decrease, the vDNA may contain specific areas where NC binding is still required.
Thus, the decreased binding affinity would result in less NC bound to these specific regions
of vDNA as well.

4.4. Changes in NC concentrations as RTCs mature to PICs

The presence of NC in PICs is expected to some extent because of its presence in RTCs and
experiments have shown nuclear localization of NC after infection (Gallay et al., 1995b; Risco
etal., 1995; Zhang and Crumpacker, 2002). However, there has been a conspicuous inability
to detect it in isolated HIV-1 PICs (Nermut and Fassati, 2003; Thomas and Gorelick,
unpublished observations). The failure to detect NC may be due either to weak NC-nucleic
acid interactions in PICs, or to levels of NC being lower than the limit of detection by current
methods such as Western blotting.

Consequently, two models have been suggested to explain how p7NC may affect subsequent
steps. The first model suggests that p7NC binds dsDNA non-specifically, forces IN to bind to
areas of higher affinity, and/or stabilizes IN binding to LTR ends (Carteau et al., 1997; Poljak
etal., 2003; Tanchou et al., 1998). Once IN is bound at the correct position, it may not be
necessary for NC to remain present. The second model proposes that NC is bound at low
concentrations to specific parts of the full-length vDNA. For example, it has been shown in
vitro that HIV-1 p7NC binds ssDNA better than dsDNA, and because NC greatly stimulates
strand-displacement synthesis, it would be in the proper location to bind the ssDNA of the
central DNA flap. Indeed, TEM visualization of dsSDNA containing a central flap shows
p7NC bound to this region (Mirambeau et al., 2007). In addition, it is important to keep in mind
that PR digestion of p15NC is unlikely to be 100%, so that a small amount of p9NC is expected,
and p9NC binds equally well to ssSDNA and dsDNA (Mirambeau et al., 2006). Interestingly, it
has been demonstrated that p9NC binding has a cooperative component (Cruceanu et al.,
2006; Khan and Giedroc, 1994), suggesting that perhaps a small amount of p9NC could assist
IN in forming complexes at the LTR ends. To this end, it was observed that p9NC stimulated
coordinated integration to a greater degree than p7NC in in vitro integration assays (Gao et al.,
2003).
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4.5. Central flap and nuclear entry

A distinguishing characteristic of lentiviruses is that they can infect nondividing cells, unlike
most other orthoretroviruses, such as MLV (Roe et al., 1993). The large PIC nucleoprotein
complex is actively transported into the nucleus of non-dividing cells. There is a great deal of
interest in determining the mechanism of nuclear entry, both from the standpoint of basic
retrovirology and for the design of retroviral vectors for gene therapy. However, a certain
degree of controversy exists within the field (Yamashita and Emerman, 2005). Karyophilic
properties have been identified in MA (Bukrinsky et al., 1993; von Schwedler et al., 1994),
Vpr (Fouchier et al., 1998; Zhao et al., 1994), IN (Ao et al., 2007; Gallay et al., 1997), and the
central flap region (De Rijck and Debyser, 2006; VVan Maele et al., 2003; Zennou et al.,
2000, 2001). Interestingly, it has also been observed that many, and sometimes all, of these
signals can be blocked or eliminated, and this still does not completely eliminate nuclear entry
and productive infection (Dvorin et al., 2002; Fouchier et al., 1997; Freed et al., 1997; Gallay
etal., 1997; Limon et al., 2002a, 2002b; Marsden and Zack, 2007; Petit et al., 2000; Reil et
al., 1998; Yamashita and Emerman, 2005, 2006). One possible explanation for the differences
in results is that different studies have used widely differing virus titers to infect cells, implying
that a large number of infectious events can overcome the engineered blocks. Another
possibility is that there may be other nuclear localization signals not yet identified. Finally, the
various karyophilic signals could be additive or synergistic, which may provide a certain level
of redundancy to ensure survival of the virus.

Interestingly, in vitro experiments have identified the central flap as a site of strong p7NC-
nucleic acid binding (Mirambeau et al., 2007), specifically on the G-quartet regions that can
form from sequences on the flap (Kankia et al., 2005; Lyonnais et al., 2002, 2003). This
indicates a site where it is possible that low levels of p7NC are tightly bound, and this could be
important for nuclear entry. In vitro studies by Lyonnais et al. (2003) examined mutant and
wild type recombinant proteins in binding studies with nucleic acids that were modeled after
the flap region. In this study it was found that the NCp»3c mutant protein (Table 3) formed a
limited subset of complexes compared to wild-type NC, indicating a different, possibly
defective mode of binding to model flap oligonucleotides. At this time, arole for NC in nuclear
entry is only speculative, as nuclear entry has not been specifically examined by any published
studies using NC mutants. For instance, although the NCp23c and NChasc mutants show
significant defects in integration, the relative quantities of 2-LTR circles (typically used as
surrogates indicating nuclear entry) were comparable to wild-type amounts (Thomas et al.,
2006a). However, since these experiments were performed in actively dividing cells, one
cannot make any conclusion regarding active nuclear transport. NC binding to the central flap
does, however, provide a mechanism for the presence of NC in the nucleus after infection
(Gallay et al., 1995b, 1997; Zhang and Crumpacker, 2002).

As mentioned above, a commonly used marker to determine whether vDNA has been exposed
to nuclear enzymes as indicative of nuclear entry, is the presence of 1-LTR or 2-LTR circles
(Dismuke and Aiken, 2006; Neil et al., 2001; Tanchou et al., 1998). The formation of LTR
circles is catalyzed by nuclear enzyme-mediated homologous recombination (1-LTR) or non-
homologous end joining (2-LTR) (Jeanson and Mouscadet, 2002; Jeanson et al., 2002; Kilzer
etal., 2003; Li et al., 2001). These circular vDNA species are dead-end products and cannot
be used as substrates for integration (Brown, 1997; Ellis and Bernstein, 1989; Lobel et al.,
1989). However, analyses of their formation and the properties of the 2-LTR junctions are
useful in elucidating the progression of infection and for examining the state of the ends of the
linear vDNA just before ligation. For example, in wild-type infections the vVDNA that is
converted into 2-LTR circles typically indicates a defect resulting in its inability to be
integrated; this could be a defect at either the DNA level or at the level of the PIC.
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5. Integration processes

Integration of full-length vDNA (Fig. 4H and Fig. 5A) into the chromosomal DNA of the
infected cell forming the provirus (Fig. 5D) is the final step of early infection (Fig. 2). The
events that must occur are understood, but the exact molecular mechanisms of the process are
still being elucidated (Fig. 5) (Brown, 1997). In vitro, only three components are strictly
required for a strand transfer result; IN, viral LTR ends containing the requisite attachment
(att) sites, and a DNA substrate in which to integrate the vDNA (Bushman and Craigie,
1991;Goodarzi et al., 1999;Katz et al., 1990;Masuda et al., 1995;Sinha and Grandgenett,
2005;Vink et al., 1991). The actual reaction involves three specific events, only two of which
are performed by IN: the 3’ processing of the LTR ends that entails the removal of a
dinucleotide to expose a CA 5’ overhang (Fig. 5B), and the strand-transfer reaction, where the
3’ recessed ends are joined to 5’-PO, ends created by sequence-nonspecific staggered nicks in
the chromosomal DNA (Fig. 5C). The last step in the process is a gap repair event, where the
5’ two nucleotides of the LTR end, which are exposed, are removed and the single-stranded
region is repaired, resulting in a direct repeat at each LTR-chromosomal DNA junction. This
process is thought to be mediated by cellular repair enzymes (Brown, 1997;Yoder and
Bushman, 2000). Although recombinant IN can perform 3’ processing and strand-transfer in
vitro, it is part of a large nucleoprotein complex in vivo (Chen and Engelman, 1998;Vora and
Grandgenett, 2001;Wei et al., 1997). The identification of viral and cellular cofactors, as well
as a more complete understanding of the molecular events of integration is the current direction
of much research in this area.

It is currently understood that IN forms a homodimer at the end of each LTR, with IN forming
a tetrameric complex (dimer of dimers) (Faure et al., 2005), resulting in the two LTR ends
being in close spatial proximity (Esposito and Craigie, 1999; Gao et al., 2001; Jones et al.,
1992; Li et al., 2006). An interaction between the IN-LTR end complexes was inferred from
observations that one of the key differences between reconstituted integration reactions with
recombinant IN and integration reactions performed using purified PICs is the frequency of
concerted, or coordinated integration. Concerted integration is a process where both ends
integrate at the same time, at the sites of the staggered nicks. Based on the observation that the
LTR ends of these PICs are resistant to nuclease digestion, it was concluded that a large
nucleoprotein complex, termed the intasome, was present on these ends (Chen and Engelman,
1998; Vora and Grandgenett, 2001; Wei et al., 1997).

The components of these complexes are presumed to contain proteins that stabilize this
complex, proteins that aid in localization of the PICs to the requisite chromosomal regions,
and perhaps the cellular DNA repair enzymes. Based upon large-scale studies of integration
sites into chromosomal DNA by different retroviruses, it has been determined that MLV tends
to integrate into promoter regions (Mitchell et al., 2004; Wu et al., 2003), HIV-1 and SIV tend
to integrate into actively transcribed genes (Barr et al., 2006; Bushman, 2002; Crise et al.,
2005; Mitchell et al., 2004; Schroder et al., 2002), and avian retroviral integration appears to
be truly random (Mitchell et al., 2004; Narezkina et al., 2004). Thus, the intasomes of MLV,
HIV-1, and SIV are presumed to contain cellular proteins that would help direct each of these
PICs to their characteristic sites of integration. Some of the cellular proteins proposed to be
involved are LEDGF/p75, HMG I(Y), BAF, and Inil (Bushman, 1999; Chen and Engelman,
1998; Farnet and Bushman, 1997; Hindmarsh and Leis, 1999; Hombrouck et al., 2007; Turelli
etal., 2001).

Curiously, p7NC is not normally observed in isolated PICs of HIV-1 or MLV when probed by
Western blotting (Bowerman et al., 1989; Farnet and Bushman, 1997; Farnet and Haseltine,
1991; Fassati and Goff, 2001; Miller et al., 1997). In agreement with the failure to detect NC
by blotting, it was observed that immunodepletion of NC did not diminish the integration
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potential of isolated PICs (Farnet and Bushman, 1997). Although isolated PICs are deemed to
be authentic if they maintain the ability to perform concerted integration, the extent to which
they represent the situation within cells cannot be easily confirmed. Critically, it has been
reported that coupled integration can be performed in cell-free systems using only purified
DNA and recombinant IN (Goodarzi et al., 1999; Sinha and Grandgenett, 2005), which
certainly indicates that the failure to detect NC in functional PICs does not justify the assertion
that NC is not present. The failure to detect NC could be due to several reasons, none of which
is mutually exclusive. The binding of NC to these complexes may be weak enough to be lost
with the salt concentrations used for PIC isolation or the amount of NC bound may be below
the limit of detection by Western blotting. Conversly, it is possible that NC’s role may solely
be at the level of the RTC and not at all in the PIC.

5.1. In vitro integration with NC

As with reverse transcription, a number of groups have developed cell-free reaction systems
to study each of the specific steps of integration. Once these systems were developed, different
presumed cofactors were added to these integration assays to determine if they enhanced the
actual reaction steps of integration. Of course, just because a protein fails to enhance integration
in vitro does not prove that it is not involved in the cell, since many aspects to integration may
be unrelated to the actual enzymatic reaction steps. However, it has been observed that HIV-1
p7NC is very effective at enhancing in vitro integration reactions. The stimulation of 3
processing (Fig. 5B) is small, but that of strand-transfer (Fig. 5C) is significantly greater. In
addition, concerted integration is greatly stimulated by wild-type and several mutant forms of
NC (Carteau et al., 1997,1999;Gao et al., 2003;Poljak et al., 2003). Some of these assays have
indicated that NC’s effect on integration does not seem to be merely the result of a competition
with IN for DNA low affinity binding sites, which would thereby increase the specific activity
of IN (Carteau et al., 1997).

Additional verification for an NC-mediated enhancement of integration was the observation
that NCho3c and NChaac mutants were not as effective at enhancing integration as wild-type
p7NC (Carteau et al., 1999). Another laboratory reported that the binding of p7NC and IN to
DNA showed cooperativity, and in a competition experiment, it was observed that the NC-IN-
DNA complex was stable, since the addition of a large excess of free DNA did not decrease
the number of complexes formed (Poljak et al., 2003). The conclusion from this study is that
NC coats the DNA, thus masking nonspecific IN-DNA binding sites. Importantly, it has also
been observed that poNC is more effective at stimulating coordinated integration than p7NC
(Gao et al., 2003). The fact that p9NC also exhibits cooperative binding at low concentrations
(Cruceanu et al., 2006; Khan and Giedroc, 1994), presumably due to the presence of the SP2
(Fig. 3), suggests that this domain may also interact with IN to stabilize the complexes. This
issue is discussed in more detail below.

5.2. Cell culture-based observations of NC and integration

Observations from infection experiments performed with certain NC mutant viruses have
provided indirect evidence for the involvement of NC in integration. One mutant in particular,
NChao3c, has been key to this proposal. The fact that this mutant virus is profoundly replication
defective (> 6 log reduction in H9-replicative titer) (Gorelick et al., 1999c), but exhibits only
minor defects in reverse transcription (Thomas et al., 2006a), and exhibits little reduction in
the conversion of full-length vDNA to 2-LTR circles compared to wild-type (Buckman et al.,
2003; Thomas et al., 2006a), implies that the integration step itself is defective. A similar
observation was made with the NC44c mutant, although it was not as replication defective in
H9 cells as the NCpyp3¢ mutant. This idea was strongly supported by the fact that until recently,
the phenotypes of NCpp3c or NCaac could not be readily distinguished from INpq1gn
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(Gorelick et al., 1999c), which is an active site mutant of IN that cannot catalyze the 3’
processing or strand-transfer reactions (Engelman et al., 1995).

Of key interest was the observation that the number of unprocessed LTR ends (based on cloning
and sequencing of 2-LTR circle junctions) did not change in infections when the NChosc
mutant was coupled to the INp116n Mutant, in contrast to what was observed with virus
containing wild-type NC. However, the increase in the proportion of unprocessed ends was
only 2- to 3-fold more than wild-type, which was small and does not account for the magnitude
of the observed replication defects in the mutants (Buckman et al., 2003). It should be noted
that the combination NC and IN mutant viruses showed basically the same phenotypes as that
of the individual NC mutants: they are all replication defective, show similar quantities of 2-
LTR circles, and produce reverse transcripts that do not persist nearly as long as seen in wild-
type infections (Thomas et al., 2006a). In contrast, there was a tremendous increase in 2-LTR
circles compared to wild-type infections with the INp11gy Mutant (Thomas et al., 2006a), and
the mutant junctions were comprised of a much higher percentage of full-length consensus 2-
LTR junction sequences compared to wild type (Buckman et al., 2003).

The most direct way to measure integration at early time points after infection is to use Alu-
LTR PCR (Butler et al., 2001). Using this technique, we observed that the NCy3¢ and
NChaac mutants showed profound defects in integration, >2 logs (Thomas et al., 2006a). In
fact, integration was barely detectable in these infections, even with VSV-G pseudotyped virus,
which significantly boosts viral titer (Thomas et al., 2007b). Because the conversion of vDNA
to 2-LTR circles in infections with these mutants was similar to that observed with wild-type
NC (indicating that there is no problem with gaining access to the nucleus), these data strongly
support the idea that somehow these mutant NC species cause a specific block to integration.

In contrast to this, we have also observed another phenotype in HIVV-1 NC-mutant virus
infections, as reported for the NCy17r and NCy17¢ Viruses (Table 3). These mutants were also
very replication defective (>5- and >3-log reductions in titer, respectively), but the observed
decreases in reverse transcription and integration were very minor. It was determined that there
were downstream assembly defects, specific to certain cell types, such as H9, rather than defects
in early infection (Thomas et al., 2006b).

Finally, we have observed that when the formation of p9NC was prevented, either by removing
the PR-cleavage site between SP2-p6 (Fig. 3), or by preventing the processing of p15NC, a
severe reduction in integration efficiency resulted, which was correlated with the reduction in
replicative titer (Coren et al., 2007). In contrast, mutations that prevented the processing of
p9INC to form p7NC and SP2 showed little or no effect on integration or replicative titer. These
observations suggest that p9NC may have a genuine role in viral replication beyond a mere
cleavage intermediate of NC (Coren et al., 2007). As mentioned above, p9NC protein was
shown to facilitate in vitro integration reactions better than p7NC (Gao et al., 2003). It is likely
that there will be some p9NC present, based on the improbability that Gag cleavage by PR
proceeds to completion: partially processed Gag has been observed in Western blots of virus
particles (Gorelick et al., 1999c;Tanchou et al., 1998). This, coupled with the demonstration
that DNA binding by p9NC is cooperative (Cruceanu et al., 2006), and that p9NC binds double-
strand DNA as well as single-strand DNA, certainly support this idea (Mirambeau et al.,
2007).

5.3. Inferences

Compelling evidence of arole for NC in integration exists, but the mechanism remains elusive,
based upon the experimental evidence accumulated thus far. It is certainly known that NC
functions during reverse transcription and that if the vDNA is not correctly or completely
synthesized, it cannot function as a proper substrate for IN. If NC is directly involved in
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integration, a number of different possibilities could explain how it can influence this event.
First, NC may be directly involved in enhancing the enzymatic steps of integration, as it has
been observed to do in cell-free systems. Presumably, this would be due to the nucleic acid
chaperone properties of NC so that the strand-transfer reactions occur more efficiently. It may
be that at very low concentrations of NC, any small change in its ability to bind nucleic acids
and destabilize secondary structures is enough to block this activity. Second, NC may be
involved more in the formation of a functional intasome, possibly by assisting IN to bind the
LTR ends or by stabilizing the IN nucleoprotein complex at the LTR ends. This possibility is
certainly supported by the defect observed in 3' processing after infections with NCyyo3¢ or
NChaac. Third, NC may be important for proper PIC structure, in that if the central flap has a
role in functional PIC formation (Arhel et al., 2007), perhaps it is important for NC to be bound
to the ssDNA for proper PIC structure. It is also important to keep in mind that NC may be
functioning in integration as p9NC rather than p7NC, so that the cooperative binding resulting
from the presence of the SP2 region may be critical for the required interactions with nucleic
acids or proteins.

6. Conclusions

The involvement of NC during early infection is mainly reflected by its activity as a nucleic
acid chaperone: NC facilitates the enzymatic steps so that the total efficiency of the early
infection process is high enough to permit successful replication. Indeed, investigation of early
infection events demonstrates that they are relatively efficient in cells, at least for the reverse
transcription step (Thomas et al., 2006a, 2007b). So although it may be asserted that NC is not
strictly required for reverse transcription and integration, this small protein does appear to make
these processes work well enough for effective replication. Excitingly, the state of knowledge
and technology present in the field is such that even the existence of minor nuances can be
detected, resulting in a more complete understanding of these events. One of the consequences
of NC being important for these processes is that compounds that inactivate NC cause severe
impairment to early infection events (Berthoux et al., 1999; De Clercq, 2002; Druillennec et
al., 1999; Goel et al., 2002; Morcock et al., 2005; Srivastava et al., 2004; Turpin et al., 1999).
Thus, anti-NC chemotherapeutic substances are being actively investigated, since they can
provide multiple additional steps in viral replication that can be targeted in the treatment of
retroviral infections (Darlix et al., 2007; de Rocquigny et al., 2008; Miller Jenkins et al.,
2007; Raja et al., 2006).
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Fig. 1. Comparison of retroviral NC proteins
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The identity, apparent molecular weight, genus, and relative size of several mature NC proteins
are shown. A black box indicates the location of the N-terminal zinc finger, and a grey box

indicates the location of the C-terminal zinc finger. Slashed boxes indicate the location of the
three Gly-Arg boxes in PFV. Although the PFV NC domain of Gag is shown for comparison,
itis not cleaved from the Gag precursor during maturation, and is consequently never a discrete

protein (Linial,

1999).
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Fig. 2. Events that occur during HIV-1 replication are shown to illustrate the numerous places
where NC functions

A structure of HIV-1 NC, rendered from NMR studies of NC in solution by Summers and
coworkers (Lee etal., 1998), is shown in the upper right of the figure. The molecule was drawn
using Cn3D version 4.1 (http://www.ncbi.nlm.nih.gov). The backbone of the molecule is
shown as a tube structure, with the locations of basic and acidic amino acid residues colored
blue and red, respectively. The side chains of aromatic residues are drawn as stick and ball
diagrams. The side chains of Cys are shown as space filling pictures. The zinc ions are colored
green.

Many of the key processes of viral replication require NC. All events are shown in a single cell
for convenience, with infection commencing with receptor binding and ending with budding
and maturation. A legend for the viral proteins is presented in the upper left of the figure. Early
events start with the virus binding to receptors, subsequent fusion of the virus and cell
membranes then the core enters the cytoplasm. After cytoplasmic entry, the core begins to
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uncoat, a RTC forms with reverse transcription ensuing and it is transported through the
cytoplasm to the nuclear membrane. The RTC is transformed via the reverse transcription
process into a PIC, where it can be actively transported into the nucleus (in nondividing cells),
then is targeted to species-specific regions in the chromosomes where integration occurs. The
RTC and PIC are shown in the figure without NC or other factors for clarity. Late events
commence with transcription of viral messages from the provirus then translation of viral
proteins occurs. Subsequently, packaging of gRNA into assembling virus particles results
relying on the ability of the NC domain of the Gag precursor to bind specific regions of the
gRNA, forming a nucleation site for the multimerization of Gag upon the RNA scaffold. In
this illustration, the assembly depicted to occur at the cell membrane has been described by
Booth et al. (2006), Deneka et al. (2007), Finzi et al. (2007), Jolly et al. (2007), Jolly and
Sattentau (2007), Jouvenet et al. (2006), Rudner et al. (2005), and Welsch et al. (2007).
However, some reports indicate that assembly can occur in intracellular compartments (Jouve
etal., 2007; Nydegger etal., 2003; PerlIman and Resh, 2006; Sherer et al., 2003). The maturation
of virions after budding entails several events that are likely interrelated, from the gRNA dimer
maturation, which result in extensive intra- and intermolecular interactions, as well as the
condensation of the nucleoprotein core. (Artwork courtesy of Louis E. Henderson, AIDS
Vaccine Program, SAIC-Frederick, Inc., NCI-Frederick).
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Fig. 3. Proteolytic processing of HIV-1 Gag by PR

The pattern and order of PR cleavage sites in Gag are shown. For proteins other than NC, the
different species that exist during processing are indicated. The initial cleavage occurs between
SP1 and the NC domain, secondary cleavages occur at approximately 10-fold lower rates than
the initial cut. The tertiary cleavages occur approximately 400-fold slower than the primary
cleavage (Shehu-Xhilaga et al., 2001b). Complete processing of Gag into its mature proteins
is efficient and rapid, so that almost immediately after budding, the intermediates are not
typically detected by Western blotting (Kaplan et al., 1994b). During proteolysis, NC exists in
two intermediate forms, p15NC (partial cleavage product containing NC/SP2/p6), p9NC (partial
cleavage product containing NC/SP2), and the fully processed form, p7NC. All three of these
proteins exhibit nucleic acid chaperone activities (Cruceanu et al., 2006).
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Fig. 4. Key steps of reverse transcription where NC has been shown to be involved (HIV-1 example
presented)

The process of reverse transcription entails the conversion of a plus-strand RNA genome (A)
to a double-strand DNA (H), with an LTR duplicated at each end (638 bp in the case of HIV-1)
(Telesnitsky and Goff, 1997). The first requirement for reverse transcription is the annealing
of aprimer tRNA molecule onto the PBS of the gRNA (B). Once annealed, reverse transcriptase
synthesizes VDNA to the end of the genome; this product is termed minus-strand strong-stop
DNA (C). As RT continues synthesizing the vDNA, the RNase H activity of RT cleaves the
gRNA involved in heteroduplex formation into small fragments (Schultz and Champoux,
2008) (C). RNase H digestion allows the transfer of the cDNA repeat ® region, facilitated by
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NC, to the RNA R region at the 3’ end of the genome, an event termed minus-strand transfer
(D). Minus-strand transfer can occur intra- or intermolecularly, so that either genome can
contribute genetic material to the final product. Upon transfer, minus-strand synthesis proceeds
until it reaches the PBS at the 5’ end of the genome. As RT continues to synthesize the vDNA,
RNase H functions to cleave the genome into small fragments. In HIV-1, two regions, the PPT
and cPPT (E), are resistant to RNase H cleavage. They both serve as primers for plus-strand
DNA synthesis, using the minus-strand DNA as template. As the plus-strand synthesis reaches
the 5’ end of the minus-strand DNA, it copies the PBS from the tRNA that remains covalently
bound to the 5’ end of the minus strand (E). The two complementary PBS regions on the minus-
and plus-DNA strands anneal, forming a circular intermediate (F) (in the case of the
intramolecular transfer that is presented in this example), enabling the synthesis of the full
plus-strand DNA sequence. Two additional steps are important; completion of the 5’ LTR
requires the strand-displacement synthesis activity of RT (G). In an additional region, strand-
displacement synthesis occurs in HIV-1 resulting in the central flap, a 99 nt region of SSDNA
generated by limited synthesis at the cPPT (not shown).
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Fig. 5. Integration

Integration of vDNA into the host chromosome is the final step of early infection (Brown,
1997). The substrate for this reaction is full-length double-strand vDNA (A). Each LTR
contains an att site, necessary for the first enzymatic step performed by IN. In this step, 3’
processing of the vDNA ends occur, which generates a free 3'-CA end (B). The host
chromosome is cut to generate staggered nicks, 4 nucleotides apart in the case of HIV-1. The
3" hydroxyl of the processed vDNA joins to the 5" PO, in the second enzymatic step of
integration, strand-transfer (C). This step results in a 2-nucleotide flap with the 5’ vDNA
overhang. These 2 nucleotides are then removed, and the 6 nucleotide single-stranded region
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is repaired by nuclear enzymes to create direct repeats at each end (Brown, 1997; Yoder and
Bushman, 2000). The resulting integrated vDNA is called the provirus (D).
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