
CHAPTER 5 

Mechanisms of Retrovirus 
Replication 
PAUL A. LUCIW AND NANCY J. LEUNG 

I. INTRODUCTION 

A. Scope 

The retrovirus family encompasses a diverse group of metazoan viruses 
that have a replication step whereby DNA is synthesized from virion 
RNA in a process designated reverse transcription (Temin and Balti
more, 1972) (Fig. 1; Table I) (see Chapter 1). Molecular mechanisms in 
the virus life cycle are reviewed in this chapter, and the focus is on 
retroviruses containing genes for virion proteins but lacking genes that 
regulate viral expression. Retroviruses with simple genomes express the 
polyproteins (i.e., precursor polypeptides) encoded by the following 
genes: gag for group-specific antigen in the virion core, pol for RNA
dependent DNA polymerase, and env for the viral envelope glycopro
tein (Fig. 2). This genome organization is a feature of three genera in the 
retrovirus family, and both horizontally transmitted exogenous viruses 
and vertically transmitted endogenous viruses are included (Table II) 
(see Chapters 1 and 2) (Coffin, 1982b; Coffin and Stoye, 1985). Retrovi
ruses with complex genomes (i.e., lentiviruses, spumaviruses, and cer
tain oncoviruses) encode regulatory genes as well as virion proteins; 
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FIGURE 1. Major features of the replication cycle of a prototype retrovirus. The early 
phase of replication involves attachment of a virion to a receptor on the cell surface, entry 
and uncoating, viral DNA synthesis by reverse transcription in the cytoplasm, transport of 
unintegrated viral DNA (complexed with viral integrase and gag proteins) to the nucleus, 
and integration into host-cell DNA to produce a provirus. Viral DNA is detected in the 
cytoplasm at about 2 hr after infection, full-length linear viral DNA molecules start to 
appear in the nucleus about 4-6 hr later, and proviral DNA is first detected about 12 hr 
after infection. The late phase starts with synthesis of viral transcripts from the provirus 
in the nucleus at about 15 hr after infection and continues through to release of progeny 
virions (about 24 hr after infection). Full-length viral transcripts serve as genomic RNA 
and as rnRNAfor gag, PIt, and pol polyproteins; env gene mRNA is generated from the 



MECHANISMS OF RETROVIRUS REPLICATION 161 

replication of these viruses is discussed in other chapters and volumes in 
this series (see also Green and Chen, 1990; Mergia and Luciw, 1991; 
Cullen, 1991; Haseltine, 1991). Nonetheless, many aspects of the life 
cycle of retroviruses with simple genomes are shared by all retroviruses. 
Investigations of replication mechanisms have depended largely on anal
ysis in both infected cell cultures and in in vitro systems based on cell
free extracts and/or defined components (Varmus and Brown, 1989; 
Coffin, 1990a). Other chapters in this volume describe retroviral infec
tions of humans and other animals (see also Teich et al., 1982; Gardner 
and Luciw, 1989; Gallo and Wong-Staal, 1990). 

Much of the information on the replication of retroviruses with 
simple genomes has been obtained from extensive studies on the avian 
sarcoma-leukemia virus (ASLV) as well as the murine leukemia virus 
(MuL V or ML V) groups see Chapters 6 and 7. Additional retroviruses 
with simple genomes are reticuloendotheliosis virus (REV) and spleen 
necrosis virus (SNV). These two highly related avian retroviruses (hence
forth designated REV) are not related to any members of the ASL V group 
but are distantly related to the MuL V group. Primate retroviruses with 
simple genomes include the gibbon-ape leukemia virus (GALV) and Ma
son-Pfizer monkey virus (MPMV); the latter agent is in the simian type 
D retrovirus (SRV) system. Studies of the mouse mammary tumor virus 
(MMTV) have also contributed to an understanding of basic retroviral 
replication mechanisms. Members of several retrovirus groups serve as 
helpers for replication-defective viruses; for example, ASL V and MuL V 
provide replication functions for avian erythroblastosis virus (AEV) and 
murine sarcoma virus (MSV), respectively (Coffin, 1982a). Generally, 
defective retroviruses possess an oncogene(s) (e.g., erb-A and erb-B in 
AEV, ras in MSV) and are defective in sequences encoding a virion pro
tein(s). Descriptions of the biological properties of all these retroviruses 
as well as discussions of helper-dependent viruses and endogenous vi
ruses are found in other chapters in this volume (see Chapters 6 and 7). 

This review will focus largely on observations in the prototypic 

( 

full-length viral transcript by splicing. Free cytoplasmic polysomes are the site of transla
tion of mRNA for viral polyproteins derived from the gag, prt, and pol genes; these poly
proteins subsequently associate with genomic viral RNA to form an intracellular core 
structure. The mRNA for env polyprotein is translated on membrane-bound polysomes; 
env polyprotein is modified by glycosylation and proteolytic cleavages mediated by host
cell enzymes and then inserted into the cell plasma membrane. Through the budding 
process, immature cores are engulfed by the cell plasma membrane and thus acquire a lipid 
bilayer membrane which contains env glycoproteins. Proteolytic processing of gag, prt, 
and pol polyproteins takes place during the budding step and continues in newly released 
particles (immature virions) to produce mature infectious virions. The time course indi
cated above for major events in a single replication cycle is based on observations in 
actively growing tissue culture cells that have not been synchronized with respect to the 
cell cycle. 
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TABLE I. Characteristics of Retrovirusesa 

Spherical enveloped virion (100-130 nm diameter) containing a nucleoprotein core 
(or capsid) 

Dimeric RNA genome (single-stranded, positive polarity) packaged into virions 
Three genes for virion polyproteins (gag, pol, and env)b 
Replication via reverse transcription and integration into host-cell genome 

(virion-associated reverse transcriptase and integrase encoded by pol gene) 
Long terminal repeats (LTRs) at each end of integrated viral DNA 

, A replication-competent retrovirus has all the functions for completing the replication cycle and 
yields infectious progeny virions. Replication-deficient retroviruses have one or more mutations in 
essential viral functions and depend on "helper" virus to provide the missing functionls). 

b Some retroviruses encode additional genes that may be dispensable le.g., src of RSV and orf of 
MMTV) or essential I e.g., tat of HIV) for viral replication. 

ASL V and MuL V systems to establish a conceptual framework. Obser
vations on retroviruses with complex genomes (as well as on retrotran
sposons) have provided a basis for both modifying previous models and 
posing new hypotheses (see Chapters 1 and 4). Retroviruses demon
strate diversity with respect to several aspects of replication as well as 
heterogeneity of biological properties. Nonetheless, an emphasis on 
common features of diverse retroviruses is essential to maintain both 
clarity and cohesiveness within this chapter. 

This review of retroviral replication emphasizes knowledge ac
quired within the last 2-3 years, to reduce overlap with previous writ
ings, including the excellent reviews by Varmus and Brown (1989) and 
Coffin (1990a). In addition, the following articles collectively offer 
comprehensive coverage of retroviruses: Stephenson (1980), Weiss et al. 
(1982,1985), Hanafusa et al. (1989), Chen (1990), and Swanstrom and 
Vogt (1990). Thus, citations are largely limited to seminal findings and 
recent publications; to conserve space, specialized reviews are fre
quently cited to provide additional information and references. 

B. Overview of Retroviral Replication 

Retroviruses have a dimeric RNA genome that is reverse-tran
scribed by the viral-coded RNA-dependent DNA polymerase or reverse 
transcriptase (R T) (Temin and Mizutani, 1970; Baltimore, 1970) (see 
Chapter 1). Several features, in addition to sequences encoding RT, un
ify and distinguish retroviruses from other viruses (Table I) (Varmus and 
Brown, 1989; Coffin, 1990a). Virions (i.e., virus particles) are spherical, 
80-130 nm in diameter, and consist of a nucleoprotein core surrounded 
by a lipid bilayer membrane. The core contains a dimer of two identical 
molecules of single-stranded RNA associated with several viral pro-
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teins. All retroviruses encode gag, pol, and env genes, and virion en
zymes derived from gag-pol polyproteins include protease (PR), RT, 
RNase-H, and integrase (IN) [see Leis et al. (1988) for the nomenclature 
of viral proteinsj. The retroviral RNA genome is reverse-transcribed 
into double-stranded linear DNA which contains long terminal repeats 
(LTRs) derived from unique sequences at each end of genomic RNA. 
Viral DNA is integrated into host-cell DNA, and the integrant (i.e., 
provirus) begins and ends with short inverted repeats that terminate in 
the dinucleotides 5' TG ... CA 3'. Direct repeats of 4-6 base pairs (bp) 
in host-cell DNA flank the provirus, and the size of the repeat depends 
on the virus. Although all retroviruses share these features, diversity is 
noted with respect to sequence, cell tropism, species range, and patho
genic potential (Teich, 1982; Temin, 1989; Katz and Skalka, 1990) (see 
Chapters 2 and 3). 

The retroviral replication cycle is divided into early and late phases, 
each consisting of several sequential steps (Varmus and Swanstrom, 
1982) (Fig. 1). The early phase starts with the binding of a virus particle 
(i.e., virion) to a cell receptor and continues to the establishment of an 
integrated provirus. Attachment to a receptor and entry are events 
largely mediated by the viral env glycoprotein. Viral and cellular mem
branes fuse, and the virion core (i.e., capsid) is released into the cell 
cytoplasm. Viral enzymes R T and IN remain associated with genomic 
viral RNA in the form of a nucleoprotein complex. Reverse transcrip
tion of genomic viral RNA into double-stranded linear DNA takes place 
in the nucleoprotein complex in the cell cytoplasm. L TRs flanking the 
viral genes are produced by strand switches in the reverse transcription 
process. Linear viral DNA molecules remain in a nucleoprotein complex 
which is transported to the nucleus, where termini of viral DNA are 
covalently linked to host-cell DNA in a reaction mediated by IN. 

The late phase includes events from the transcription of the pro
virus to the release of mature virions that are competent to reinitiate the 
replication cycle. L TRs in the provirus provide signals for cellular fac
tors that control synthesis and processing of viral RNA. All viral tran
scripts have a 5' methylated cap structure and a 3' poly-A tail and thus 
resemble eukaryotic mRNA. Spliced as well as full-length viral RNA 
molecules are transported to the cytoplasm. Both species of viral RNA 
are translated on host-cell polysomes into virion polyproteins (i.e., pre
cursor polypeptides); however, full-length transcripts also interact with 
virion polyproteins and are assembled into immature virus particles. By 
budding through the cell plasma membrane, these particles acquire a 
lipid bilayer membrane that contains env glycoprotein. Final maturation 
steps in newly released extracellular particles involve processing of as
sembled polyproteins by the viral PR to yield fully infectious virions 
(Varmus and Brown, 1989; Coffin, 1990a). 
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FIGURE 2. Genomes of replication-competent retroviruses. The organization of retro
viral DNA genomes is shown for avian sarcoma-leukosis virus complex (ASLV), murine 
leukemia virus (MuLV), simian type D retroviruses (SRV), and mouse mammary tumor 
virus (MMTV). Open boxes below each genome indicate the locations of open translation 
frames for viral genes. Virion proteins are specified by the following genes: gag (group
specific antigen), pIt (protease), pol (RNA-dependent DNA polymerase), and env (enve
lope glycoprotein). The pIt gene of SRV, but not other retroviruses with simple genomes, 
encodes a domain with homology to deoxyuridine triphophosphatase IdUTPase) IPower et 
al., 1986; Elder et al., 1992). Nonvirion proteins are also encoded by some retroviruses; 
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C. Significance of Retroviral Replication 

Although this review elaborates on molecular mechanisms that char
acterize events in the retroviral replication cycle, many of these findings 
have contributed valuable insights into several areas of biology (Var
mus, 1988). For example, paradigms based on retroviral genomic organi
zation and reverse transcription were critically important for the analy
sis of retrotransposons and other transposable elements in diverse 
organisms as well as certain DNA viruses which replicate through an 
RNA intermediate (e.g., hepadnaviruses and caulimoviruses) (Garfinkel 
eta1., 1985 j Temin, 1985, 1988 j BoekeandCorces, 1989j Sandemeyeret 
a1., 1990 j Mason et a1., 1987) (see Chapter 4). Investigations into mecha
nisms regulating replication are also essential for understanding virus
host interactions, including patterns of pathogenesis in infected animals 
and humans (Gardner and Luciw, 1989 j Fan, 1990). In addition, a com
prehensive knowledge of the retrovirallife cycle is required for the de
velopment and utilization of these viruses as vectors to transduce heter
ologous geneSj retroviral vector systems will be valuable for pursuing 
many fundamental issues in both basic biology and medicine (Fried
mann, 1989 j Soriano et a1., 1989 j Verma, 1990 j Anderson, 1992). 

II. VIRION STRUCTURE AND RNA GENOME 

A. General Features of Virions 

The electron microscope has been a major tool for examining the 
morphology of both retrovirus particles (i.e., virions) and assembly in
tennediates in infected cells (Teich, 1982) (see Chapter 2). In addition, 
information on the properties of specific components of virions has 
been obtained from extensive biochemical studies on purified virus par
ticles as well as on viral proteins and morphogenesis intermediates in 
infected cells (Dickson et a1., 1982) (see Section VIII on virion assembly). 
Virions are spherical particles with a diameter ranging from 80 to 130 
nmj Fig. 3 is a schematic representation of a prototype virion in the 
retrovirus family (Bolognesi et a1., 1978). Each virus particle contains 
two identical molecules of the single-stranded RNA genome complexed 
with viral-coded proteins derived from the gag and pol geneSj this nu-

~---------------------------------------------------------

Rous sarcoma virus IRSV) in the ASL V group has the src oncogene and MMTV has a large 
open reading frame designated orf. Boxes at the ends of each genome represent the long 
terminal repeats ILTR)i domains in the LTR from left to right are U310pen box), R Ishaded 
box), and US Icross-hatched box) Isee Figs. 6 and 11). An arrow above the 5' LTR marks the 
start site for viral RNA transcripts. The scale is in kilobases Ikb). 
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TABLE II. Retroviruses with Simple Genomesa 

Examples 

Mouse mammary tumor 
virus (MMTV) 

Rous sarcoma virus (RSV)b 

Rous-associated virus I, 2, 
etc. (RAV-I,2, etc.)b 

Avian erythroblastosis virus 
(AEV)b 

RAV-Ob" 
Reticuloendotheliosis virus 

(REV)d 
Moloney murine leukemia 

virus (MoMuL V) 
Harvey murine sarcoma 

virus (HaMSV) 
AKR-MuLV' 
Human endogenous 

retrovirus (HERV-K)' 
Gibbon-ape leukemia virus 

(GALV) 
Feline leukemia virus (FeL V) 

Simian type D retrovirus 1 
to 5 (SRV-I to -5) 

Squirrel monkey virus 
(SMRV)C 

Features, comments 

Exogenous and endogenous; 
causes mostly carcinoma and 
some T-Iymphomas 

Exogenous; contains src oncogene 

Exogenous; induce neoplastic and 
nonneoplastic diseases 

Exogenous; requires helper virus 
(e.g., RAV-I); contains erb-A 
and erb-B oncogenes 

Endogenous; no disease 
Exogenous; induces 

nonneoplastic diseases 
Exogenous; causes T-Iymphomas 

Exogenous; requires helper virus; 
contains oncogene H-ras 

Endogenous; no disease 
Endogenous; not infectious; no 

disease 
Exogenous; leukemia 

Exogenous; induces neoplastic 
and nonneoplastic diseases 

Exogenous; induces 
immunodeficiency; prototype: 
Mason-Pfizer monkey virus 
(MPMV)-SRV-3 

Endogenous; no disease 

'Information for this table was obtained from Weiss et al. 11982) and Chapter 2. 
b RSV, RAV-l, 2, etc. Iformerly identified as avian leukosis viruses, ALV), AEV land other helper-de

pendent avian retroviruses containing oncogenes). and RA v-o are members of the avian sarcoma-leu
kosis virus IASLV) complex Isee Chapter 2). 

e Endogenous viruses are discussed in Chapter 2 and other chapters in this series ICoffin, 1982b; Coffin 
and Stoye, 1985; Krieg et al.. 1992). 

d REV and spleen necrosis virus ISNV) show about 90% DNA sequence homology to each other; these 
viruses are unrelated to members of the ASL V group. The classification scheme in Chapter 2 positions 
REV in the subgenera of mammalian type c oncoviruses. 

cleoprotein core is also referred to as the capsid. Virion enzymes derived 
from gag-encoded polyproteins are PR, R T, and IN (functions of these 
enzymes are discussed in several sections below). SRV particles, but not 
those of other retroviruses with simple genomes, also contain deoxyuri
dine triphosphatase (dUTPase), and the C-terminaldomain of the prt 
gene of SR V is presumed to encode this activity (Elder et al., 1992). 



MECHANISMS OF RETROVIRUS REPLICATION 

Lipid bilayer 

Integrase (IN) 
pol 

Capsid (CA) 
gag 

Reverse 
Iranscriptase CRT) 

pol 

__ ...j.{.=-h~;..~;(tJ~.b---r-I+-tr-:::::-- j"ucleocapSid ( C) 
gag 

Protease (PR) 
prt 

ClIlI 

urface glye protein (SU) 
ellll 

167 

FIGURE 3. Structure of retroviral particles (i.e., virions). The schematic representation of 
a mature (prototype) virion shows the arrangement of proteins derived from the gag, pol, 
and env genes. The capsid or core consists of dimers of genomic RNA, tRNA primers, gag 
cleavage products (MA, CA, and NC), as well as viral enzymes derived from the prt and pol 
genes (PR, RT, and IN). Not shown is the virion-associated dUTPase that is derived from 
the prt gene of some retroviruses (e.g., SRV) but not others (e.g., ASLV, MuLV) (Elder et 
al., 1992). The lipid bilayer surrounding the core contains the env glycoprotein, which is a 
heterodimeric complex of the TM and SU domains. Processing patterns of ASL V and 
MuL V polyproteins as well as molecular weights for mature virion proteins are shown in 
Fig. 10. 

Viral-coded enzymes are probably part of the core, although the precise 
stoichiometries and topologies are not known (Figs. 3 and 4). Features of 
the viral RNA genome are discussed in detail below (Fig. 6). Small 
amounts of cellular RNA and protein species as well as some cellular 
DNA are also packaged into virions. The nucleoprotein complex is 
surrounded by a lipid bilayer envelope, which contains the glycoprotein 
encoded by the viral env gene. This envelope is acquired from host cells 
during the budding process that releases virus particles. Functions of 
specific virion proteins derived from the gag, pol, and env polyproteins 
are described in detail below and in the sections on viral protein synthe
sis and assembly. Analysis of the chemical composition of retroviruses 
shows that virions are (by weight) 60-70% protein, 30-40% lipid, 2-4% 
protein-associated carbohydrate, and about 1 % RNA (Teich, 1982). 
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FIGURE 4. Products of the pol genes of avian sarcoma-leukosis viruses (ASL V) and mu
rine leukemia viruses (MuL V). The pol polyprotein is proteolytically processed within 
assembled virus particles to produce proteins with enzymatic activities required for viral 
DNA synthesis and integration. Shown are locations of enzymes encoded by pol: reverse 
transcriptase (RT), RNase H, and integrase (IN). In mature virions, the RT of ASLV is a 
heterodimeric complex that contains a 63-kDa (0:) and a 95-kDa (13) subunit; noncovalent 
interactions hold the two subunits together. The MuL V RT is isolated as an 80-kDa dimer 
from virions. IN proteins of ASL V and MuL V are 32-kDa and 46-kDa polypeptides, re
spectively. The MuLV IN appears to be linked by disulfide bonds to RT in virions. [Re
drawn from Kulkosky and Skalka (1990).J 

B. Virion Morphology and Intracellular Forms 

Unique features of virion ultrastructure revealed by electron mi
croscopy forms the basis for the first classification scheme of retrovi
ruses /Fig. 5) /Teich, 1982, 1985) /see Chapter 2). Ultrastructural obser
vations of intracellular viral forms provide additional criteria for 
subdividing retroviruses. This classification scheme has limited merit,. 
since genetic and biological properties of retroviruses do not correlate in 
a simple fashion with morphology /Table II); accordingly, other criteria 
have recently been established /see Chapter 2). Nonetheless, electron 
microscopy is important for studying virion assembly, determining the 
identity of retroviruses, and examining tissues and fluids from infected 
hosts. Described below are salient features of type A, B, C, and D viral 
particles from the previously designated oncovirus subfamily /Fig. 5; 
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Table IIJi detailed characterizations of these various morphological 
forms together with electron micrographs have been presented by Teich 
(1982J (see Chapter 2J. A discussion of the morphologies of lentiviruses 
(e.g., HIVJ and complex oncoviruses (e.g., HTLV-IJ is beyond the scope 
of this review (see Gelderblom, 1991, and references thereinJ. 

Type A particles, also designated intracellular A-type particles, are 
strictly intracellular and are not infectious (Fig. 5 J [reviewed by Kuff and 
Lueders (1988Ji Keshet et al. (1991J; Dorner et al. (1991J; Reuss and 
Schaller (1991JI. These particles are 60-90 nm in diameter and have a 
relatively clear (i.e., electron-IucentJ center surrounded by a bilayer 
membrane. Type A particles may be located within cisternae or in the 
cytoplasm; presumably, a topogenic signal on a protein in the type A 
particle controls intracellular localization. Intracisternal type A parti
cles are sometimes noted in cells infected with type C or type D retrovi
ruses, whereas intracytoplasmic type A particles are observed in cells 
infected with type B retrovirus. Thus, type A forms appear to represent 
intermediates in virion assembly (see Section VIII on virion assemblyJ. 

The mature form of the type B particle is 125-130 nm in diameter 
and has an electron-dense nucleoid located eccentrically within the en
veloped virion (Fig. 5J. During assembly, a toroidal core about 75 nm in 
diameter is attached to the plasma membrane. In the budding process, 
these cores acquire a lipid envelope and long viral glycoprotein spikes 
(Kramarsky et al., 1971; Teich, 1982J. 

Mature type C particles (80-110 nmJ have an electron-dense core 
concentrically positioned within the virion; immature extracellular 
forms have an electron-lucent core (Fig. 5J. In infected cells, an electron
dense crescent-shaped core is observed when budding has started at an 
area of the plasma membrane that contains virion envelope spikes; no 
other intracytoplasmic precursor forms are noted. A to po genic signal in 
the gag polyprotein appears to direct the precursor polypeptides to sites 
of assembly at the inner surface of the cell plasma membrane (see Sec
tion VIII on virion assemblyJ. During budding, the plasma membrane 
surrounds the electron-lucent viral core to produce newly released im
mature virions. In contrast to type B virions, the env glycoprotein forms 
relatively short surface spikes on extracellular type C virions (Fig. 5 J 
(Kramarsky et al., 1971; Bolognesi et al., 1978; Teich, 1982J. 

Extracellular forms of type D retroviruses (100-120 nm in diame
terJ contain a bar-shaped, electron-dense nucleoid which is often eccen
trically positioned within the lipid bilayer envelope (Fig. 5J. Type D 
particles have short glycoprotein surface spikes. Intracellular forms are 
ring-shaped with a diameter of 60-95 nm; generally, these immature 
forms are positioned near the plasma membrane (Kramarsky et al., 
1971J. The gag polyprotein contains topogenic signals that initiate par
ticle assembly in the cytoplasm and then direct the immature core to the 
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FIGURE S. Virion morphologies. Schematic representations of retroviral morphologies 
are based on electron microscopy of mature virions and assembly intermediates in in
fected cells. Type A forms, depicted as rings, are exclusively intracellular particles ob
served either within cytoplasmic cisternae or free in the cytoplasm. Intracellular assembly 
intermediates for type B and type D retroviruses are morphologically similar to type A 
forms. For type C retroviruses, the major intracellular form is an electron-dense crescent 
juxtaposed next to the cell plasma membrane. Intracellular forms of retroviral particles are 
nucleoprotein complexes composed of genomic viral RNA and gag polyproteins; these 
nucleoprotein complexes are designated cores or capsids. Viral-coded env glycoproteins 
are inserted into the cell membrane and appear as knobs on the external surfaces of cells 
and virions. Immature viral particles are released from cells by the budding process during 
which viral cores acquire a membrane that contains env glycoprotein molecules. Morpho-
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plasma membrane (see Section VIII on virion assembly) (Rhee and 
Hunter, 1990a, 1991). 

C. Virion Proteins 

This section describes salient features of proteins in mature retro
viral particles. Products of the gag, prt (protease), pol, and env genes 
found in virions of several retroviruses are shown in Figs. 3 and 4 (also 
see Fig. 14 below). The term polyprotein is used henceforth to specify 
the precursor polypeptide that is the primary translation product of each 
of these viral genes (Dickson et al., 1982). Patterns of translation and 
processing of viral polyproteins are described in detail in the sections 
below on viral protein synthesis and assembly (see also Chapter 2). The 
nomenclature proposed by Leis et al. (1988) has been adopted, and roles 
of virion proteins in intracellular viral replication events are more exten
sively discussed in other sections of this review (see also Dickson et al. 
1982, 1985). 

Retroviral gag genes encode polyproteins that are cleaved into at 
least three proteins, and these are present in stoichiometric amounts of 
about 2000 molecules per virion (Dickson et al. 1982 j Coffin, 1990a)~ 
The three mature gag gene products common to all retroviruses are des
ignated matrix (MA), capsid (CA), and nucleocapsid (NC) (Fig. 3). MA 
protein, ca. 15-20 kilodaltons (kDa), is modified at the N-terminus by 
acylation in ASL V or myristylation in mammalian retroviruses, and MA 
is located in the matrix between the capsid and the viral membrane 
envelope (Schultz et al. 1988 j Wills and Craven, 1991). CA protein, ca. 
24-30 kDa, is the major structural component of the capsid. NC pro
tein, ca. 10-15 kDa, contains a cysteine-histidine motif which resem
bles metal-binding domains (Le., zinc fingers) of proteins that interact 
with nucleic acids, and NC has an affinity for the viral RNA genome 
(Katz and Jentoft 1989). In many retroviruses, additional proteins are 
derived from the gag polyproteinj however, the functions of these pro
teins remain to be elucidated (Dickson et al., 1985). 

The retroviral protease (PR), ca. 10-15 kDa, is an enzyme distantly 
related to cellular aspartyl proteases and mediates cleavage of gag and 
pol polyproteins during virion assembly (Figs. 3 and 4j see also Fig. 14) 
(Oroszlan and Luftig, 1990). The location of sequences encoding PR 
varies depending on the retrovirus: (i) at the end of the gag gene in ASL V, 
(ii) after the stop codon in gag but in the same translation frame as the 
pol gene of MuL V, or (iii) in a unique translation frame between the gag 

( 

genetic processes involving cleavage of gag polyproteins take place during budding and in 
newly released particles to produce mature infectious virions. [Redrawn from Gelderblom 
(1991).] 
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and pol genes in SRV and MMTV (Fig. 2j see also Fig. 14). The amount of 
PR in virions is governed by the level of polyproteins encoded by either 
gag-prt (for ASLV), gag-prt-pol(for MuLV), or both gag-prt and gag
prt-pol(for SRV and MMTV) /Jacks, 1990). 

Reverse transcriptase (RT) is an RNA-dependent DNA polymerase 
encoded by the pol genes of all replication-competent retroviruses (Figs. 
3 and 4) (Goff, 1990). Each virion contains about 10-20 molecules of RT 
which are loosely associated with the nucleoprotein core. The R T of 
ASLV is a heterodimer that contains a 63-kDa subunit and a 95-kDa 
subunit j the smaller subunit is derived from the amino terminus of the 
larger protein (Fig. 4). MuLV has a monomeric RT, ca. 80 kDa (Fig. 4), 
and the RT of MMTVis also monomeric, with a size of ca. 85-100 kDa. 
RT also binds the tRNA primer, and a separate domain on this protein 
functions as a ribonuclease specific for RNA-DNA hybrids (RNase H). 
Integrase (IN) is a separate protein derived from the carboxy terminus of 
the pol gene (Fig. 4). The functions of RT, RNase H, and IN in viral 
DNA synthesis and integration are covered below (also see Varmus and 
Brown, 1989j Coffin, 1990a). 

The env gene encodes a polyprotein that is posttranslationally modi
fied in the endoplasmic reticulum by cleavages and glycosylation events 
to yield a surface (SU) domain and a transmembrane (TM) domain (Fig. 
3 j see also Figs. 16 and 1 n these processing events are mediated by 
host-cell enzymes (Hunter and Swanstrom, 1990j Daar and Ho, 1990). 
SU glycoprotein is located on the external surface of the viral mem
brane, where it functions to bind virions to receptors on cells (Figs. 1 and 
3). Accordingly, SU plays a critical role in viral host range and patterns 
of pathogenesis. TM protein is embedded into the lipid bilayer envelope 
and anchors the SU domain to the membrane (Figs. 1 and 3). TM medi
ates the fusion of viral and cell membranes during entry (Figs. I). In 
virions, SU and TM form a heterodimer that involves either disulfide 
bonding (Le., ASLV) or noncovalent interactions (Le., MuLV, SRV), and 
two .to four heterodimers of SU and TM associate into oligomeric com
plexes in infected cell plasma membranes and in the virion envelope. 
Retroviral env glycoproteins mediate binding of virions to cell recep
tors, are targets for antiviral immune responses in infected hosts, and 
control some cytopathic effects (e.g., syncytium formation) in cell cul
ture. The greatest degree of viral strain variation is observed in the env 
genes of both closely related retroviruses and independent isolates of the 
same virus (Hunter and Swanstrom, 1990j Daar and Ho, 1990). 

D. Virion RNA and cis-Acting Elements 

Each retroviral particle contains two identical molecules of single
stranded genomic RNA that have positive polarity with respect to trans
lation, and the size of the genome for replication-competent retrovi-
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ruses ranges from about 8 to 10 kilobases (kb) (Varmus and Swanstrom, 
1982). Two copies of genomic RNA are required in each virus particle to 
accommodate the replication mechanism, although genetic evidence 
suggests that only one provirus is produced per infectious virus particle 
(Hu and Temin, 1990a). A pseudodiploid arrangement of the genome 
provides a means to form heterozygotes and generate recombinant vi
ruses (Weiss et aL 1973 j Hu and Temin, 1990a, b j Katz and Skalka, 
1990, Coffin, 1990b) (see Chapter 1). Genomic RNA can be extracted 
from mature virions in a dimeric complexj thus, proteins are not re
quired to hold the two viral RNA molecules together. Both RNA mole
cules appear to interact near the 5' ends either through hydrogen bonds 
formed between molecules aligned in the same polarity or through short 
antiparallel alignments (Coffin, 1982aj Tounekti et ai., 1992). Viral 
RNA is synthesized by the host-cell transcription apparatus from inte
grated viral DNA in the cell nucleus. Figure 6 is a schematic representa-
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FIGURE 6. Cis-acting elements in genomic viral RNA. The 5' end of viral RNA has a cap 
structure 17 mG) and the 3' end has a poly-A tail. R is the short repeat at each end of the 
genome, US is a unique sequence element immediately after the 5' R sequence, PB- is the 
primer site for minus-strand DNA synthesis ItRNA binding site), L is the leader region 
before the start of gag, W is the element required for assembly of viral RNA into virions, 
PB+ is the primer site for plus-strand DNA synthesis, and U3 is a unique sequence at the 3' 
end of the genome. Replication-competent retroviruses have genomes about 8 kb in 
length. This figure also reveals the relationship of the U3, R, and US elements in viral 
RNA with respect to the LTRs in linear viral DNA. Table III lists the lengths of these 
various cis-acting sequence elements for several viruses. Genes encoding virion polypro
teins gag, pol, and env are also shown; the RNA and DNA genomes are co-linear. 
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tion of a prototype viral RNA genome and shows several cis-acting ele
ments that function in reverse transcription, viral gene expression, and 
virion assembly (Coffin, 1982a, 1985). 

The 5' end of virion RNA as well as viral mRNA has a cap structure 
which is 7-methylguanosine in a 5'-5' linkage via a triphosphate to a 
second 2'-O-methylated nucleotide. This structure is also designated 
m7G5'ppp5'NmpMp (N and M are the first and second nucleotides en
coded by the virus). A small number of internal methylations in the form 
of N 6-methyladenosine (m6 A) residues have been reported for the ASLV 
genome. The 3' end of all retroviral transcripts has a poly-A tail from 
about 100 to 200 bases in length (Fig. 6). Cap structures, internal methyl
ations, and poly-A tails are characteristic of cellular mRNA, and all three 
of these posttranscriptional modifications of viral RNA are carried out 
by host-cell enzymes (Stoltzfus, 1988). 

A short repeated sequence, designated R, is located at each end of 
the genome, and R varies from 15 to 80 bases, depending on the retrovi
rus (Haseltine et al., 1977) (Fig. 6; Table III). During reverse transcrip
tion, this repeat provides a means to transfer newly initiated DNA 
strands from the 5' end to the 3' end of viral RNA (see Fig. 8) (Varmus 
and Brown, 1989). Although R is present in two copies in each genomic 
viral RNA molecule, only the 5' R element is capped and only the 3' R 
element has poly-A tails. 

A unique sequence, designated U5 (ranging from 80 to 100 bases), is 
located between R and the site for attachment of a host-cell tRNA which 
functions as a primer for viral DNA synthesis (Fig. 6; Table III). U5 
sequences form stem-loop arrangements with sequences in the leader, 
with the inverted repeat sequence proximal to the tRNA primer-binding 
site, and with the T'I1C loop in the tRNA primer (see Fig. 9 below) (Co
brinik et a1., 1988, 1991; Aiyar et al., 1992). These structural features 
involving U5 sequences are required for efficient initiation of reverse 

TABLE III. Cis-Acting Sequence Elements in Retroviral Genomes· 

Retrovirus tRNA 
group Virus strain U3 R US L(SD) primer 

TypeB MMTV 1194 13 119 Lys 
Avian type C RSV 233 21 102 380 (398) Trp 

RAV-O 177 21 80 Trp 
REV 396 52 

Mammalian type C MoMuLV 449 68 76 621 (206) Pro 
FeLV 

TypeD SRV-l 235 13 98 136 Lys 

• Abbreviations are as follows: U3 is the unique 3' sequence, R is the short repeat at each end of the viral 
RNA genome, US is the unique 5' sequence, L is the leader region (from the cap site + 1 to the gag 
initiation codon), and SO designates the position of the splice donor site where known. 
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transcription (Aiyer et al., 1992). In the mechanism of reverse transcrip
tion, R and US become part of the flanking LTRs in linear viral DNA 
(see Fig. 8, below) (Varmus and Brown, 1989). 

A specific tRNA molecule is bound near the 5' end of the viral ge
nome and initiates DNA synthesis (Varmus and Swanstrom, 1982). A 
sequence of 16-19 bases at the 3' end of the tRNA molecule is hydrogen
bonded to the complementary sequence, designated the minus (or nega
tive)-strand primer-binding site (PBS or PB-), in the viral genomic RNA 
(Fig. 6; also see Fig. 9). Each group of related retroviruses contains a 
unique tRNA primer (e.g., Trp-tRNA for ASLV, Glu- or Pro-tRNA for 
members of the MuLV, Lys-tRNA for SRV) (Table III). A genetically 
engineered MuL V genome with a deletion mutation that removes the 
Glu-tRNA primer-binding site is defective for replication; however, 
passage of this clone through mammalian cells yields infectious virus 
which acquires a PB- specific for Phe-tRNA (Colicelli and Goff, 1986). 

Following the PB- is an untranslated leader (L) sequence (ranging 
from 150 to 200 bases) that precedes the initiation codon for gag (Fig. 6; 
Table III). A sequence element within L, designated the "encapsidation 
(EN)" or "packaging (it)" sequence, has been shown to playa role in 
assembling genomic RNA into virions (also see Fig. 9) (Linial and Miller, 
1990). Other important cis-acting sequences in genomic viral RNA in
clude splice donors and acceptors; these are discussed in more detail 
in Section VI on the synthesis and processing of viral RNA (Stoltz
fus, 1988). 

Several cis-acting signals that play roles in reverse transcription, 
integration, and synthesis of viral RNA are located in the 3' portion of 
the genome. A short sequence about 15 bases long and rich in purines is 
located downstream from env; this element serves to initiate synthesis 
of plus-strand viral DNA and is designated the plus (or positive)-strand 
primer (PB+) (Fig. 6, also see Fig. 9). U3 is a unique sequence element 
extending from PB+ to R at the 3' end of the viral genome (Fig. 6). U3 
ranges in length from about 200 bases to 1 kb and contains promoter 
elements that control transcriptional initiation of the integrated pro
virus by cellular RNA polymerase II (Table III) (Majors, 1990). 

Figure 6 also shows the relationship of genomic viral RNA with 
proviral DNA; the LTR is produced during viral DNA synthesis and 
contains the U3 sequence juxtaposed to R-U5. Members within a 
closely related group of retroviruses show relatively high sequence varia
tion in U3, and examples include endogenous and exogenous viruses in 
the ASLV and MuLV groups (Coffin, 1990a). Thus, differences in tran
scriptional control elements in U 3 influence not only viral replication 
rate and cell tropism in culture, but also distribution of virus and pat
terns of pathogenesis in infected animals (Stoltzfus, 1988; Varmus and 
Brown, 1989; Coffin, 1990a; Fan, 1990) (see Chapters 6 and 7). 
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III. VIRAL ATTACHMENT AND ENTRY 

A. Overview 

The retroviral replication cycle is initiated by a specific interaction 
of the virion env glycoprotein with a cell surface molecule (Le., receptor) 
(Fig. 1). Studies in most retrovirus systems have focused largely on bio
logical properties of receptors (Weiss, 1982; Weiss, 1991). Biochemical 
characterizations have been limited by difficulties in isolating and char
acterizing receptors which are cell membrane proteins that are hydro
phobic and present in low amounts (DeLarco and Todaro, 1976). The 
first retroviral receptor was identified in the HIV system by a combina
tion of immunological and biochemical methods (Dalgleish et al., 1984; 
Klatzmann et a1., 1984). HIV binds to the CD4 protein, a member of the 
immunoglobulin supergene family that is found on the surface of the 
T-helper/inducer subset of T-Iymphoid cells (Sattentau and Weiss, 
1988; McDougal et a1., 1986). Recently, molecular cloning approaches 
have shown that the cell receptors for ecotropic MuL V and GAL V are 
membrane transport proteins (i.e., permeases) for amino acids and phos
phate, respectively (Kim et al., 1991; H. Wang et a1., 1991a; Johan et al., 
1992). 

Entry, or penetration, follows attachment of virions to the cell sur
face receptor. Although cell surface proteins that bind retroviral env 
glycoproteins have been identified for a few viruses, accessory cellular 
components appear to be required for efficient entry (Maddon et al., 
1986; H. Wang et a1., 1991b). Members within a virus family are taken 
into the cell by either the endocytic (pH -dependent) pathway or by direct 
fusion of viral and cell membranes at neutral pH [reviewed by White 
(1990)]. However, retroviruses appear to be an exception to this general
ization in that certain members utilize one or the other pathway. The 
TM domain of env plays a major role in the mechanism of viral-cell 
membrane fusion that is central to entry. In addition, fusion of cell 
membranes in infected cultures (i.e., formation of syncytia) is also me
diated by the retroviral env glycoprotein (Pinter et a1., 1986; Lifson et al., 
1986). The culmination of the entry process is the release of the virion 
core into the cell cytosol, where additional uncoating events occur and 
reverse transcription is initiated (Varmus and Swanstrom, 1982). 

B. Significance of Viral Attachment and Entry 

Viral host range is largely controlled by the recognition process be
tween the SU domain on the virion envelope and the cell surface recep
tor, although intracellular factors may also influence viral replication 
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(Hunter and Swanstrom, 1990; Daar and Ho, 1990). The term cell tro
pism is often used synonymously with host range. Retroviruses demon
strate a high degree of host-range specificity; accordingly, classification 
schemes have been based on the recognition properties of the env glyco
protein (Teich, 1982; Weiss, 1982) (see also Chapters 2, 3, and 7). The 
ability of a retrovirus to enter specific cell types in an animal host is an 
important determinant of pathogenesis (Teich et al., 1982, 1985; Fan, 
1990). In addition, utilization of retroviral vectors for gene transfer re
quires an understanding of host-range properties involving cell surface 
molecules and the entry process. 

C. Biological Characterization of Cell Receptors for Retroviruses 

Biological aspects of retroviral receptor specificity have been ana
lyzed in cell culture systems that measure resistance as well as suscepti
bility to infection (Weiss, 1982, 1993). Either of two mechanisms may 
account for cell surface resistance to viral replication. First, cells may 
lack the gene(s) for a functional receptor; thus, these cells are genetically 
resistant to viral entry. In some instances, treatment of cells with a glyco
sylation inhibitor converts refractory cells to a permissive state (Wilson 
and Eiden, 1991; Miller and Miller, 1992). Presumably, either glycosyla
tion of the receptor inhibits its function or glycosylation controls the 
ability of another cell surface protein to block the receptor. Polymor
phism of the receptor gene may also account for the capacity of a retrovi
rus to infect cells of certain species. In the second mechanism, receptors 
may be present but saturated with viral glycoproteins which are ex
pressed in the cell; thus, virus attachment is blocked (Fig. 7). Either an 
exogenous or endogenous virus infection of the cell may produce 
enough env glycoprotein to cause receptor interference to superinfec
tion (Rubin, 1960; Weiss, 1982). 

Permissivity of a cell for viral replication may be regulated by intra
cellular mechanisms (e.g., cell specificity of a transcriptional enhancer 
in the LTR) as well as by attachment and entry (Fan, 1990; Majors, 
1990). Therefore, methods have been developed to analyze directly viral 
host range at the level of these early events [reviewed in Weiss (1982)1. In 
one procedure, cell fusion assays detect formation of multinucleated 
syncytia induced by infection of cell cultures with a retrovirus. An alter
native method utilizes viral pseudotypes made between the retrovirus 
under study and a heterologous enveloped virus such as vesicular stoma
titis virus (VSV). In co infected cells, phenotypic mixing of viral glyco
proteins yields VSV particles which contain the retroviral env glycopro
tein as well as the VSV surface glycoprotein; all other components in the 
pseudotype particle are derived from VSV (Zavada, 1972). The virus 
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FIGURE 7. Mechanism of retroviral interference at the cell surface. The cell contains 
surface receptors for retroviruses-l and -2 . After infection with retrovirus-I, the receptors 
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yield from a co infected cell culture is treated with an antiserum that 
neutralizes VSV so that only pseudotype particles remain to establish 
infection (i.e., plaques). A variation of this method involves pseudotype 
formation between a test retrovirus glycoprotein and VSV with a condi
tional mutation in the VSV glycoprotein gene (Boettiger et a1., 1975). 

Members of the ASL V group isolated from chickens fall into one of 
five subgroups (A-E) on the basis of host-range properties and interfer
ence patterns (Weiss, 1982) (see Chapters 2 and 6). Antibody neutraliza
tion properties of ASL V strains also correlate with this classification 
scheme, and several studies have demonstrated that the env gene plays a 
major role in cell tropism (Bova et a1., 1988; Dorner et al., 1985; Dorner 
and Coffin, 1986). The ASLVs replicate only in avian cells; the subgroup 
D virus and the B77 isolate in subgroup C infect mammalian cells, al
though this infection leads to cell transformation, and progeny virions 
are not produced. Several strains of REV have been obtained from 
various avian species; however, sequence comparisons of cloned viral 
genomes reveal that the REV group has a mammalian origin based on 
sequence relatedness to mammalian type C retroviruses. Accordingly, 
the REVs replicate productively in a wide variety of avian cells as well as 
in certain mammalian cell lines (Koo et al., 1991). ASL V and REV do not 
cross-interfere and therefore are presumed to utilize different cell recep
tors. Interference studies indicate that REV and the simian type D retro
viruses (SRV) utilize the same receptor (Koo et a1., 1992). Indeed, the env 
genes of REV and SRV show some amino acid sequence similarity, and 
the positions of cysteine residues in the env genes of both groups of 
viruses are highly conserved (Thayer et a1., 1987). 

Viral isolates in the MuL V group are classified into four subgroups 
on the basis of host range, interference patterns, and antibody neutraliza
tion properties (Weiss, 1982; Rein, 1982) (see Chapter 7). Depending on 
the virus strain, MuL V may replicate only in cells from the host of origin 
and/or in cells from heterologous species. Designations and host-range 
properties for the four MuL V subgroups are as follows: ecotropic, mu
rine cells only; xenotropic, nonmurine cells only; amphotropic and dual
tropic, both cell types (Levy, 1978) (Chapter 7). Amphotropic MuLV 
(e.g., 4070A virus strain) has a very wide species host range, and thus 
this virus was selected for the development of packaging cell lines for 
retroviral vectors (Hartley and Rowe, 1976; Rasheed et a1., 1976) (re
viewed in Miller, 1990a,b). A murine gene encoding the receptor for 

( 

for this virus are blocked with the env·l glycoprotein. This cell cannot be superinfected 
with retrovirus-lor another retrovirus which utilizes the same receptor. However, a cell 
pre infected with retrovirus-l can be superinfected with retrovirus-2, since different re
ceptors are used for attachment. A cell co infected with retroviruses-l and -2 produces 
pseudotyped or mixed progeny virions. 
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ecotropic MuL V was molecularly cloned and shown to encode a protein 
related to a cell membrane transport protein for basic amino acids (see 
below). 

The FeL V s are divided into three interference subgroups (A-C) 
(Weiss, 1982). FeL V -A has the most restricted host range and replicates 
only in cat cells, whereas FeLV-B and FeLV-C infect cat cells as well as 
cells from several other mammalian species. Patterns of antibody neu
tralization also correlate with the subgroup classification of FeL V s 
(Jarrett et al., 1973). 

Host ranges and receptor specificities have been examined for sev
eral primate retroviruses (Weiss, 1982). The exogenous simian type D 
retroviruses naturally infect Asian macaques and are classified into five 
distinct neutralizing serotypes (SRV-1 to 5) (Marx 1985, cited in 
Gardner and Luciw, 1989). However, all five viruses are in the same 
interference group and thus enter cells through the same receptor (Som
merfelt and Weiss, 1990). The SRVs appear to infect only simian and 
human cells efficiently; both T- and B-lymphoid cells as well as fibro
blasts support viral replication (Maul et al., 1988). The endogenous type 
D retroviruses, squirrel monkey retrovirus (SMRV) and Po-1-Lu from 
Asian langurs, and the endogenous type C retroviruses from baboons 
(i.e., BaEV) and domestic cats (i.e., RD114), also show the same receptor 
specificity as the exogenous SRV strains (Sommerfelt and Weiss, 1990; 
Kaelbling, et al., 1991). GALV is an exogenous type C retrovirus of 
primates that infects cells from many mammalian and avian species 
(Weiss, 1982). Interference studies show that GALVutilizes a different 
cell receptor than the simian type 0 retroviruses but that it apparently 
shares the receptor for FeLV-B (Sommerfelt and Weiss, 1990). A human 
gene encoding the GAL V receptor was molecularly cloned and demon
strated to encode a protein related to a cell membrane transport protein 
for phosphate (see below). 

The finding that several diverse retroviruses utilize the same recep
tor suggests that a limited set of cell surface proteins function as recep
tors. Divergent evolution of an ancestral virus may yield distinct viruses 
that retain common receptor specificity. Alternatively, recombination 
between viruses may produce envelopes that utilize the same receptor. 

Interference patterns of 20 different primate, feline, and murine 
retroviruses that replicate in human cells were analyzed in one system
atic study. These viruses were classified into eight interference groups; 
thus, human cells express at least eight distinct receptors (Sommerfelt 
and Weiss, 1990). Each viral subgroup implies the existence of a unique 
cell receptor; however, this surmise remains to be rigorously established 
by analyzing receptor specificity at the molecular level. 

The genetic basis of receptor specificity has also been studied by 
classical Mendelian methods and by analysis of viral replication in inter-
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species somatic cell hybrids (Weiss, 1982J. In the avian system, three 
autosomal loci determine susceptibility to ASLV subgroups A, B, C, and 
E, and the resistance allele is recessive to the susceptibility allele. In 
mammalian species, genetic diversity of cell-receptor loci has not been 
observed; therefore, investigations on mammalian retroviruses have fo
cused on chromosome localization of receptor genes in somatic cell hy
brids. Hybrid cell lines are derived from permissive cells of one species 
and restricted cells of another, each displaying distinguishable karyo
types. Patterns of viral replication are assessed in hybrid cell lines that 
segregate chromosomes of one or the other parental cell type. Several 
limitations are inherent in this approach. The receptor must be specific 
to one cell type of the two parentals used to construct hybrid lines, and 
the receptor must be constitutively expressed in the hybrid. In addition, 
receptor specificity must involve a single gene or a closely linked set of 
genes. With this approach, the receptors for xenotropic and ecotropic 
MuL V have been assigned to mouse chromosomes 1 and 5, respectively, 
and the amphotropic MuL V receptor is controlled by a gene encoded in 
the pericentromeric region of human chromosome 8 (Kozak et al., 1990, 
and references therein; Garcia et al., 1991 J. Human chromosome 19 
apparently specifies the receptor for type D retroviruses (e.g., SRVJ, 
BaEV, and RD1l4 (Sommerfelt et al., 1990; Sommerfelt and Weiss, 
1990; and references thereinJ. 

D. Molecular Cloning of Retroviral Receptors 

The receptor gene for ecotropic MuL V (ecoR, also designated rec-l J 
was identified by an elegant molecular cloning procedure that has appli
cability for the identification of receptors for other retroviruses (Albrit
ton et al., 1989; for review, see Weiss, 1993J. Nonpermissive human 
cells were transfected with DNA from permissive mouse cells. Human 
cells that acquired and expressed the receptor gene were selected by 
infection with ecotropic MuLV vectors carrying selectable drug-resis
tance genes. After selection, mouse DNA was identified in the human 
cell transfectants by annealing with radioactive probes specific for 
mouse repeat DNA sequences. Recombinant bacteriophage libraries 
were then made from these human cell transfectants and screened with 
probe to mouse repeat DNA. Subsequently, a mouse DNA insert from a 
recombinant bacteriophage clone was used as a probe to identify a 
cDNA clone from a recombinant library representing mRNA in permis
sive mouse cells. Proof that this selection and screening method yields 
the receptor gene is provided by the observation that nonpermissive 
human cells transfected with the cDNA clone become susceptible to 
ecotropic MuLV (Kim et al., 1991; H. Wang et al., 1991aJ. In addition, 
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the ecoR gene product has been shown to mediate attachment of the SU 
domain (gp70) of the ecotropic MuLV env glycoprotein (H. Wang et 
al., 1991b). 

The ecoR gene encodes a protein 622 amino acids in length with 14 
potential membrane-spanning domains (Kim et al., 1991; H. Wang et al., 
1991 a). Computer-based sequence comparisons with entries in se
quence data banks reveal that the ecoR product has structural similarity 
with an amino acid transport protein (i.e., permease) of yeast. Both ecoR 
and the yeast gene, designated y+, encode membrane proteins that medi
ate uptake of cationic amino acids. The protein encoded by ecoR has a 
ubiquitous tissue distribution in the mouse; thus, ecotropic MuL V has 
the potential to enter a wide variety of cell types in the host. The product 
of a murine gene designated T-cell early activation gene (tea) shows 52% 
amino acid identity with the ecoR product (MacLeod et al., 1990). In 
addition, a human cDNA clone from a T -cell line encodes a protein with 
88% amino acid homology with the ecoR product; this gene maps to 
human chromosome 13 and is expressed in several tissue types (Yoshi
moto et ai., 1991). Genes related to ecoR from both murine and non
murine species will facilitate the identification of functional domains of 
the receptor protein. 

A receptor gene for GAL V (givr-l) was molecularly cloned from 
permissive human cells through a cloning strategy similar to that de
scribed above for ecoR (O'Hara et ai., 1990). The GALV receptor gene 
encodes a 679-amino acid protein with several hydrophobic transmem
brane domains; this gene is related to a phosphate transport protein 
in Neurospora (Johann et al., 1992). GAL V infects several cell types 
from many species; thus, the functional receptor is widely distributed 
(see references in Teich 1982). The givr-l gene maps to mouse chromo
some 2 and human chromosome 2 (Adamson et ai., 1991; Takeuchi et 
ai., 1992). 

The significance of membrane transport proteins as receptors for 
retroviruses remains to be elucidated. The domain on each of these cell 
receptor proteins that binds the viral env glycoprotein is probably sepa
rate from the domain that functions to transport metabolites into the 
cell (Kim et al., 1991; H. Wang et ai., 1991a). Cloned cell receptors for 
these retroviruses are essential for analyzing molecular mechanisms of 
attachment and early events in viral entry. In addition, studies on the 
interactions of env glycoproteins and cell receptors will provide insight 
into mechanisms of viral pathogenesis; MuLV env is implicated in leu
kemia, immunosuppression, hemolytic anemia, and neurological dis
ease (Teich et al., 1982, 1985). A role for retroviral env gene products in 
dysfunction of membrane transport proteins is a possible mechanism 
for cytopathology. Whether other membrane permeases are receptors 
for additional retroviruses remains to be determined. 
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E. Virus Entry and Uncoating 

In one entry pathway, viral membranes fuse to cellular membranes 
at low pH conditions within endosomes, and the virion core is released 
into the cytosol (White, 1990). Evidence for the pH-dependent endo
cytic pathway has been obtained from infectivity studies in cells tre~ted 
with lysosomotropic agents (e.g., the weak bases such as ammonium 
chloride, chloroquine, and amantadine as well as the carboxylic iono
phores such as monensin and nigericin). These agents neutralize the 
acidity of endosomes and thereby inhibit fusion of the viral membrane 
with the endocytic vesicle membrane. By these criteria, MMTV and the 
ecotropic strain of MuL V appear to utilize the same endocytic pathway 
as several other enveloped animal viruses (e.g., orthomyxoviruses) (Por
tis et al., 1985; McClure et al., 1990, and references therein). 

The alternative entry pathway, exemplified by paramyxoviruses, 
involves direct fusion of the viral membrane with the cell plasma mem
brane; this process is not affected by a range of pH values (White, 1990). 
RD 114 and SRV utilize the same cell surface receptor and enter cells by 
this pH-independent mechanism (McClure et al., 1990). Some investiga
tions of HIV -1 show that viral and plasma membranes fuse at the cell 
surface in a pH-independent fashion similar to the entry process of para
myxoviruses (Stein et al., 1987; McClure et al., 1988); however, other 
studies of HIV-l support uptake by receptor-mediated endocytosis 
(Pauza and Price, 1988). Perhaps some retroviruses (e.g., HIV-l) gain 
entry via a pH-independent fusion process within endocytic vesicles. 
Several investigators have shown that the nature and concentration of 
the cell receptor as well as the cell type may influence the entry mecha
nism, and these factors may account for the differences reported for 
HIV entry (McClure et al., 1990; see also Bova-Hill et al., 1991). Under 
certain circumstances, retroviruses cause plasma membranes of neigh
boring cells (infected in vitro) to fuse and produce multinucleated cells 
(i.e., syncytia). Formation of syncytia appears to be a reflection of the 
fusion process by which virions enter cells; accordingly, many retrovi
ruses are titrated by measuring induction of syncytia (Klement et al., 
1969; Chatterjee and Hunter, 1980; Weiss, 1982). 

The retroviral fusion event is controlled by the hydrophobic domain 
(i.e., fusion peptide) in the TM domain of the env glycoprotein (see 
below, Fig. 16) [reviewed in White (1990); Hunter and Swanstrom 
(1990)J. In one model, binding of SU to the receptor causes a conforma
tional change in the env glycoprotein so that the fusion peptide inserts 
itself into the lipid bilayer of the cell membrane. Alternatively, the low 
pH in an endosome may induce a conformational change in the env 
glycoprotein, exposing the hydrophobic domain of TM, which then 
mediates fusion of viral and endosomal membranes. Analysis of site-
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specific mutations has provided insight into the role of the env glyco
protein in fusion and viral entry. Mutations preventing cleavage of SU 
and TM abolish infectivity and block formation of syncytia; this cleav
age is necessary to produce the hydrophobic end of TM, which merges 
into cell membranes during fusion (Granowitz et al., 1991). A small 
deletion mutation in the hydrophobic region of TM prevents viral repli
cation at an early step, presumably entry, and placement of charged 
amino acids into the hydrophobic peptide of TM blocks both fusion and 
infectivity (Hunter and Swanstrom, 1990; Daar and Ho, 1990). 

Accessory cellular factors acting in concert with cell surface binding 
proteins are hypothesized to facilitate entry and infection. Mouse cells 
and some human cells transfected with recombinant human CD4 sur
face antigen gene cannot be infected with HIV (Maddon et al., 1986; 
Ashorn et al., 1990; Chesebro et al., 1990). Similar studies involving 
transfection of the ecoR gene into certain nonmurine cells also demon
strate that the bin~ing receptor is not sufficient for infection with eco
tropic MuLV (H. Wang et al., 1991b). Further studies are required to 
identify accessory factors (or second receptors) as well as to elucidate the 
precise roles of these factors in early events of viral infection. 

The entry process releases the virion core into the cell cytoplasm 
(Hunter and Swanstrom, 1990). The extent of uncoating or removal of 
virion proteins from the newly entered core is not known. SU, TM, and 
presumably MA stay associated with endocytic membranes. Genomic 
viral RNA may remain associated with CA, NC, R T, IN, and perhaps PR 
proteins in a cytoplasmic nucleoprotein particle. By a mechanism that 
remains to be elucidated, the tightly bound NC proteins are removed 
from genomic RNA, and subsequently RT is activated to initiate viral 
DNA synthesis. Additional studies on early events in infected cells are 
required to determine whether viral PR or other factors (e.g., intracellu
lar ionic strength) playa role in freeing viral genomic RNA to serve as a 
template for reverse transcription (Roberts and Oroszlan, 1989). 

IV. VIRAL DNA SYNTHESIS BY REVERSE TRANSCRIPTION 

A. Overview 

In 1964, Temin proposed the provirus hypothesis, which held that 
RNA tumor viruses (e.g., ASLV) reside in infected cells in the form of 
DNA (Temin, 1964, 1976) (see Chapter 1). This hypothesis suggested 
the existence of an enzyme that reversed the flow of genetic information 
from RNA back to DNA (Crick, 1970). In 1970, Temin, working with 
the ASLV system, and Baltimore, working with the MuLV system, inde-
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pendently demonstrated that purified preparations of virus particles 
contained a polymerase that synthesized DNA from viral RNA tem
plates (Baltimore, 1970; Temin and Mizutani, 1970). These findings 
validated the provirus hypothesis and opened new areas of fundamental 
research for virology, molecular biology, and medicine (Temin and Bal
timore, 1972; Varmus, 1988). 

The RNA-dependent DNA polymerase is encoded by the viral pol 
gene and is more commonly designated reverse transcriptase (R T) 
(Verma, 1977; Varmus and Swanstrom, 1982; Goff, 1990). In addition 
to a domain for polymerase activity, R T contains a domain that degrades 
the RNA moiety of RNA-DNA hybrids. This latter activity, designated 
RN ase H, mediates several steps in retroviral replication. Recently, mod
els for R T have been proposed based on results from a combination of 
structural, enzymological, and genetic studies (Arnold and Arnold, 1991). 

Several laboratories have elucidated major steps in reverse tran
scription, including identification of primers, elucidation of functional 
domains of RT, and characterization of replicative intermediates (Gil
boa et al., 1979a; Varmus and Swanstrom, 1982, 1985; Varmus and 
Brown, 1989; Coffin, 1990a). Experimental evidence supporting the 
strand-transfer (or jump) model for reverse transcription has been de
rived from analysis of early steps in virus-infected tissue culture cells as 
well as studies utilizing in vitro systems with defined components. In
vestigations in the ASL V and MuL V systems have provided the bulk of 
experimental evidence for the model of reverse transcription described 
below (Fig. 8) (Gilboa et al., 1979a; Varmus and Swanstrom, 1982, 1985). 

B. Significance of Reverse Transcription 

Elucidation of the mechanism of reverse transcription and character
ization of the unique enzyme (i.e., RT) mediating this process have been 
critical not only for understanding the replication and biology of other 
viruses (e.g., hepadnaviruses and caulimoviruses) and retrotransposons, 
but also for significant advances in molecular genetics (see Chapter 4) 
(Temin, 1985; Varmus, 1988; Seeger et al., 1990). Retroviral particles 
are a source of R T which is essential for synthesizing in vitro labeled 
DNA probes that are used for the detection and identification of nucleic 
acid sequences in a wide variety of experimental and clinical settings. In 
a related and critically important development, this enzyme has made it 
possible to obtain DNA clones representing single-stranded RNA. This 
latter procedure, designated eDNA cloning, is essential for analysis of 
splicing patterns of processed RNA transcripts derived from numerous 
cellular and viral genes. In this fashion, genomes of many RNA viruses 
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have been molecularly cloned in both plasmid and bacteriophage vectors 
for sequence and genetic analysis. 

C. Structure and Function of Reverse Transcriptase (RTJ 

The pol gene specifies a polyprotein which is processed by the viral 
PR during virion assembly and maturation to yield RT (Fig. 4; also see 
Fig. 14 below) (Dickson et al., 1982; Goff, 1990). Mechanisms for the 
synthesis of the pol polyprotein for several retroviruses are described in 
detail below (see Section VII). Several molecules of RT are contained 
0( 

represents the poly-A tail at the 3' end of viral RNA. Step 1: Viral DNA synthesis is 
initiated by reverse transcriptase (RT) from the host-cell tRNA primer near the 5' end of 
the RNA genome. A portion of this tRNA is complementary to a sequence in the viral 
genome that is designated the minus-strand primer-binding site (PB-) (Fig. 9). RT elon
gates from the 3' end of the tRNA molecule to the 5' end of viral RNA to produce strong
stop DNA that has minus-strand polarity; all minus-strand DNA species are represented 
by a broken line. Step 2: RNase H(RN) (a functional domain in the RT protein) degrades 
part or all of R from the 5' end of the viral genome; thus, R' in minus-strand strong-stop 
DNA is now single-stranded and available for base pairing. Step 3: Although experimental 
evidence supports both intramolecular as well as intermolecular strand transfer of minus
strand strong-stop DNA, the scheme shown here is provisionally based on an intermolecu
lar event (Panganiban and Fiore, 1988; Hu and Temin, 1990b). The exposed R' hybridizes 
with the complementary R sequence at the 3' end of the second viral RNA molecule. Step 
4: RT elongates from the 3' end of minus-strand strong-stop DNA and copies the viral 
genome including part of PB-. Step 5: RNase degrades viral RNA in the hybrid at the 
border with the 3' U3 sequence and generates an oligonucleotide primer designated the 
plus-strand primer (PB+). PB+ is a stretch of 12-15 purines and has also been designated 
the polypurine tract (PPT). From PB+, RT copies minus-strand strong-stop DNA through 
the tRNA sequence complementary to PB-; this species is designated plus-strand strong
stop DNA. All plus-strand DNA species are represented by a shaded line. A methylated 
adenine in the tRNA molecule marks the termination site for RT in the synthesis of 
plus-strand strong-stop DNA. The poly-A tail is removed presumably when the 3' R is 
degraded by RNase H; this may occur shortly after the strand-transfer step. Step 6: The 
tRNA primer in the hybrid is removed by RNase H and, thus, the PB- sequence at the end 
of plus-strand strong-stop DNA is exposed. The second strand transfer is an intramolecu
lar (i.e., intrastrand) event in which PB- in plus-strand strong-stop DNA forms a duplex 
with the complementary sequence at the other end of the minus-strand DNA molecule. 
Step 7: RT then elongates from PB- in both directions. A strand displacement event 
separates the duplex between U3, R, US and U3', R', US'. Accordingly, the long terminal 
repeats (LTRs) are generated as RT continues to elongate through these displaced se
quences until the ends of the templates are reached. Synthesis of the plus strand in this 
model is shown to initiate only at the PB+ site. Internal priming sites have been observed 
in some instances and, thus, synthesis of plus strands may be discontinuous. The product 
of reverse transcription is a fully duplex, linear DNA molecule with LTRs and blunt 
termini. This form of viral DNA is in a cytoplasmic nucleoprotein complex that contains 
integrase (IN) and other virion proteins. Subsequently, the complex is transported into the 
nucleus for integration of the linear viral DNA molecule into the host-cell genome to 
produce the provirus (Fig. 10). [Redrawn from Varmus and Brown (1989).1 
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within virions, presumably tightly associated with the nucleoprotein 
core (Fig. 3). The C-terminus of the RT polypeptide also is a separate 
domain containing RNase H activity which digests the RNA moiety in 
RNA-DNA hybrids (see below). RT is readily obtained from purified 
virions for enzymological and structural studiesj in addition, expression 
vectors in genetically engineered bacterial and yeast cells have been used 
recently to produce large quantities of enzymatically active R T from 
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several retroviruses (Roth et al., 1985; Barr et al., 1987; Framerie et al., 
1987). Subunit structures of RT for ASLV (heterodimer) and MuLV 
(monomer) are shown in Fig. 4. 

RT utilizes either single-stranded RNA or single-stranded DNA 
templates and requires either RNA or DNA primers (Dickson et al., 
1982; Goff, 1990). Enzyme activity is demonstrated in preparations of 
purified virus particles treated with a low concentration of nonionic 
detergent and incubated with radioactively labeled deoxynucleotide tri
phosphates (dNTPs) in a solution containing salts and buffer. Different 
divalent cations are required, depending on the retrovirus, for optimal 
enzymatic activity (e.g., Mg2+ for MMTV, SRV, lentiviruses, and spu
maviruses; Mn2+ for ASLV and MuLV). Under in vitro conditions, viri
ons essentially remain intact, although the detergent permeabilizes the 
virion membrane, allowing entry of dNTPs. Reaction mixtures are incu
bated at 37°C, typically for 1-2 h, and activity is determined by measur
ing the amount of labeled dNTPs incorporated into DNA. In this endog
enous reaction, viral genomic RNA is the template, and the primer for 
the first viral DNA strand (i.e., negative or minus strand) is the host-cell 
tRNA molecule packaged into the virion and bound to genomic RNA in 
the previous replication cycle. The primer for the second viral DNA 
strand (positive or plus strand) is a portion of the RNA genome (i.e., the 
polypurine track at PB+; see below) and the template is minus-strand 
viral DNA (Fig. 8). Detergent-activated MuLV particles are capable of 
producing complete infectious DNA in vitro (Rothenberg et al., 1977; 
Gilboa et al., 1979b). 

At higher concentrations of nonionic detergent, virus particles are 
disrupted, and the solubilized R T will act on templates such as homo
polymers of polyadenylate (poly-A). This exogenous reaction requires 
synthetic primers which may be short oligonucleotides complementary 
to the templates added to the in vitro reaction (e.g., oligo-dT12_18 primer 
and poly-A template). The primer must have a free 3' hydroxyl group to 
initiate cDNA synthesis in these reactions. RT has the unique ability to 
utilize the template-primer combination of poly-C and oligo-dG12_18 , 
whereas cellular polymerases do not act efficiently on this 
template-primer combination (Modak and Marcus, 1977; Varmus and 
Swanstrom, 1982). 

In vitro studies with purified enzyme have shown that the DNA 
synthesis reaction catalyzed by R T follows an ordered mechanism 
(Jacobo-Molina and Arnold, 1991, and references therein). In the first 
step, primer attaches to RT and subsequently this complex binds tem
plate and substrate. Binding sites on the RT polypeptide have been iden
tified by cross-linking techniques which utilize photo affinity labels on 
synthetic templates and primers (Tirumalai and Modak, 1991; see also 
Majumdar et al., 1989). The divalent cation may be essential for an ionic 
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interaction that bridges the phosphate groups of the incoming deoxynu
cleo side triphosphates with the active-site aspartic acid residues in the 
highly conserved sequence tyrosine-X-aspartate-aspartate (Kamer and 
Argos, 1984 j Doolittle et a1., 1989). This site also appears to initiate 
polymerization on both RNA and DNA templates. RT binds substrate 
deoxynucleoside triphosphates at a site near the primer-binding sitej 
thus, the proximity of these two sites favors phospho diester bond for
mation (Nanduri and Modak, 1990 j Tirumalai and Modak, 1991). 

D. Polymerization Errors 

Retroviruses,like several other RNA viruses, acquire mutations at a 
high rate (Coffin, 1990b j Katz and Skalka, 1990). RT appears to play an 
important role in the generation of diversity in retroviruses largely be
cause this enzyme, like RNA polymerases of other viruses, lacks a 3'-to-
5'-exonuclease proofreading mechanism (e.g., editing). Cellular RNA 
polymerase II also does not have a proofreading functionj therefore, it is 
possible that some mutations may be created in the nucleus during tran
scription of the integrated viral DNA genome by this cellular enzyme. 
Measurements on the fidelity of purified preparations of R T are made 
by determining the extent of nucleotide misincorporation in reactions 
utilizing defined RNA or DNA templates (Batulla and Loeb, 1974 j 

Leider et a1., 1988). Synthetic homo- and copolymers as well as natural 
genomes (e.g., single-stranded bacteriophage <jJX17 4 DNA) have served 
as templates for these assessments. Examples of misincorporation (or 
error) rates for R Ts are 1 misincorporated nucleotide per 9000-17,000 
nucleotides for ASLV and 1 per 30,000 nucleotides for MuLV (Batulla 
and Loeb, 1974 j Gopinathan et a1., 1979 j Roberts et a1., 1989). In similar 
assay systems, HIV-1 RT has a higher misincorporation rate that ranges 
from 1 per 1700 to 1 per 4000 nucleotides (Preston et a1., 1988 j Roberts 
et a1., 1988). For comparison, the nucleotide error rate for Escherichia 
coli DNA polymerase, an enzyme that has proofreading capacity, is 1 in 
100,000 nucleotides (Battula and Loeb, 1974). Sequence analysis of R T 
reaction products made in vitro reveals that deletions are also produced 
during reverse transcription (Roberts et al., 1989). Accordingly, RT can 
extend beyond a mismatch and may be capable of nonprocessive poly
merization (i.e., jumping or slippage) under certain circumstances (Be
benek et a1., 1989 j Yu and Goodman, 1992). Mutations (base-pair sub
stitutions, deletions, and insertions) have been detected during the 
course of viral infection in cell culture systems (Dougherty and Temin, 
1986 j Pathak and Temin, 1990a, b j Pulsinelli and Temin, 1991). Thus, 
the analysis of polymerization errors caused by R T in vitro is significant 
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for elucidating mechanisms that generate diversity in retroviruses (Katz 
and Skalka, 1990; Coffin, 1990b). 

E. Inhibitors of Reverse Transcription 

Reverse transcription is inhibited by several classes of compounds 
that function through distinct mechanisms (Mitsuya et al., 1990; Goff, 
1990; Tan et al., 1990; Arnold and Arnold, 1991; De Clercq, 1992). 
ActinomycincD intercalates between the stacked bases in double
stranded DNA and thus sterically blocks polymerization by RT. This 
drug inhibits RT reactions utilizing DNA but not those with RNA tem
plates. R T activity is blocked in vitro by substrate analogues such as 
dideoxynucleotide triphosphates which terminate chain extension. 
Viral replication is inhibited in tissue culture cells by adding the non
phosphorylated forms of these compounds, including 3'-azido-3'
deoxythymidine (AZTL dideoxycytidine (ddq, and dideoxyinosine 
(ddI) (Mitsuya et al., 1990). These nucleoside substrate analogues are of 
particular interest because RT is more sensitive to inhibition than are 
cellular polymerases. In experimental animal model studies, AZT in
hibits infection of mice with MuL V (Ruprecht et al., 1990). Clinical 
investigations have revealed that AZT reduces virus load in HIV
infected individuals and appears to palliate disease symptoms that pro
gress to AIDS (Mitsuya et al., 1990). Additional substrate analogues 
which inhibit R T as well as other DNA polymerases are phospho no for
mic and phosphonoacetic acids; these agents may inhibit RT because 
they mimic the phosphate structure of the nucleotide substrate. A wide 
range of other classes of R T inhibitors have been described; these in
clude polymeric compounds such as dextran sulfates and phosphoro
thioates, fuchsin, rifabutin, and tetrahydroimidazobenzodiazepinones 
(TIBO). However, little information is available on the mode of action 
by which these diverse compounds block the enzyme. 

F. RNase H Activity in the Reverse Transcriptase Molecule 

RT protein also contains RNase H activity which degrades the RNA 
moiety in RNA-DNA hybrids in both 5'-to-3' and 3'-to-5' directions 
(Moelling et al., 1971; Leis et al., 1973; Goff, 1990). Most studies show 
that the enzyme is largely endonucleolytic (Krug and Berger, 1989); how
ever, some investigators have observed exonuclease activity (Schatz et 
al., 1990). RNase H plays an essential role in several steps of reverse 
transcription by removing template RNA during synthesis of viral 
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minus-strand DNA and by creating the ribonucleotide primer for initia
tion of viral plus-strand DNA. In addition, the 5' capped nucleotide and 
the 3' poly-A tail are both removed by RNase H from the ends of viral 
RNA during the process of reverse transcription (see below). 

The a-(3 heterodimeric R T complex of ASL V and the monomeric 
form of MuLV RT both possess RNase H activity (Fig. 4) (Goff, 1990 
and references therein). Mutagenesis studies have revealed that the do
main responsible for RNase H activity is in the C-terminus of the RT 
protein and that this activity is required for production of infectious 
virus (Fig. 4) (Tanese and Goff, 1988 j Repaske et al., 1989). These same 
studies confirmed that the N -terminal portion of the R T protein has the 
RNA-dependent DNA polymerase activity. A separate primer-binding 
site has been identified in the RNase H domain (see below). Sequence 
alignments of the C-termini of many retroviral pol genes reveal that the 
identity and positions of eight amino acids are conserved in the RNase H 
domainj six of these amino acids are also conserved with E. coli RNase H 
(Repaske et al., 1989). Proof that RT and RNase H are separate domains 
in the R T polypeptide is based on studies in genetically engineered bacte
ria. Each domain of the MuLV pol gene has been individually expressed 
in bacteria and each produces the appropriate enzymatic activity (Tan
ese and Goff, 1988). Thus, RT and RNase H must utilize distinct and 
nonoverlapping active sites for binding nucleic acids and for catalysis. 

G. Structural Models for the Reverse Transcriptase/RNase H 
Complex 

The current understanding of retroviral R T is based largely on bio
chemical, immunochemical, enzymatic, and genetic analysis (Goff, 
1990j Basu et a1., 1990j Barber et al., 1990j Jacobo-Molina and Arnold, 
1991 j Howard et al., 1991). Powerful methods of X-ray crystallography 
will be required to give a high-resolution structure which accommo
dates known functions in a three-dimensional context (J aco bo-Molina et 
al., 1991). Nonetheless, a model of HIV-l RT in the active reverse tran
scription complex has recently been proposed. Active HIV-l RT is a 
heterodimer consisting of p66 (RT and RNase H domains) and pSI (RT 
domain) (see references in Barber et al., 1990, and LeG rice et al., 1991). 
Both polypeptide subunits in the heterodimer may be parallel to each 
other and the interface of these subunits is hydrophobic and probably 
forms part of the binding site for the primer-template substrate. An 
alternative proposal holds that the two subunits in the heterodimer are 
aligned in opposite orientations. In both models, the axis of symmetry 
of the heterodimer is oriented in the same direction as the template 
(Arnold and Arnold, 1991). The RNase H domain is in a position that 
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follows the polymerization site. After reverse transcription, short 
stretches (7 -13 nucleotides) of the template RNA are cleaved by RNase 
H; the length of these released oligonucleotides is approximately one 
turn of a double helical hybrid. Additional structural studies are neces
sary to validate this model as well as to develop a model for retroviruses 
that have a native RT that is active in the monomeric form (e.g., RT of 
MuLV). These structural studies will also be relevant for elucidating 
processing patterns of the gag-pol polyprotein during virion morpho
genesis. Design and development of antiviral agents will require analy
sis of structure-activity relationships of these enzymes (i.e., RT and 
RNase H) unique to retroviruses and other retrotransposons (Barber et 
al., 1990). 

H. Reverse Transcriptase in Other Viruses and Retrotransposons 

Reverse transcription plays an essential role in the life cycle of cer
tain DNA viruses and retrotransposons in diverse eukaryotic organ
isms. Hepadnaviruses (e.g., human hepatitis B virus) and caulimoviruses 
(e.g., cauliflower mosaic virus) package DNA into virions but replicate 
via an intracellular RNA intermediate (reviewed by Ganem and Var
mus, 1987; Mason et al., 1987; W. S. Robinson, 1990). Accordingly, 
these viruses encode a pol gene that has homology with conserved re
gions in retroviral RT and RNase H (Toh et al., 1983; Doolittle et al., 
1989). Retrotransposons in Saccharomyces (e.g., Ty-1), Nicotiana (Tnt-
1 elementL and Drosophila (e.g., copia) as well as many other eukaryotic 
transposable elements also encode pol genes that have some sequence 
homology with the retroviral enzyme (Toh et al., 1985; Mount and Ru
bin, 1985; Grandbastien et al., 1989; Doolittle et al., 1989; Boeke and 
Corces, 1989) (see Chapter 4). Eukaryotic cells contain pseudogenes, 
which are intronless forms of cellular genes that normally contain 
exons and introns; it is hypothesized that pseudo genes and other re
troelements arise from reverse transcription of spliced transcripts of 
cellular genes (Sharp, 1987; Weiner et al., 1986). Whether a cell 
enzyme or R T from a retrotransposon mediates the formation of pseu
dogenes remains to be determined. Long interspersed elements (LINE-1 
or 11) in mammalian DNA are repeated sequences with structural 
similarities to retrotransposons (Hutchison et al., 1989). Recently, 
a human LINE-1 has been shown to encode a protein with sequence 
homology to retroviral RT, and this protein exhibits RT activity (Math
ias et al., 1991). The sequence conservation noted in all polymerases 
with RT activity is highest in the N-terminal portion, where the highly 
conserved motif tyrosine-X-aspartate-aspartate is found (Kamer and 
Argos, 1984; Yuki et al., 1986; Doolittle et al., 1989). This motif is 
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almost certainly part of the enzymatic active site (Goff, 1990; and refer
ences therein). 

1. Mechanism of Retroviral Reverse Transcription 

The model that describes the mechanism of retroviral reverse tran
scription requires two strand transfers or jumps to produce one mole
cule of double-stranded linear viral DNA from one or two single
stranded RNA genomes contained within a virion (Gilboa et al., 1979; 
Varmus and Brown, 1989; Coffin, 1990a). These strand transfers also 
involve displacement of preexisting sequences. Structural features of 
the template in virions (i.e., the dimeric complex of genomic viral 
single-stranded RNA, stem-loops in US-leader sequences) are described 
above and illustrated in Figs. 8 and 9. The first DNA strand to be synthe
sized is complementary to the viral genome and is designated the nega
tive (or minus) viral DNA strand. Subsequently, the positive (or plus) 
viral DNA strand is synthesized on the negative-strand DNA template. 

Shortly after attachment and penetration of a virion into the cell, 
synthesis of viral DNA by multifunctional RT occurs in the cytoplasm 
within the uncoated viral core (Fig. 1). The signal that initiates reverse 
transcription after entry remains to be defined, although secondary 
structure elements around the PBS may playa role (Cobrinik et al., 1988, 
1991). Double-stranded viral DNA is also made in in vitro reactions 
with purified retroviral particles; thus, the host-cell proteins are not 
essential for this early stage of viral replication. The initial primer is a 
specific host tRNA molecule located near the 5' end of the viral RNA 
genome, at a site designated the minus-strand primer-binding site (PB-) 
(Fig. 6; Table III) (Sawyer et al., 1974; Taylor and Illmensee, 1975; Tay
lor, 1977). This tRNA molecule was packaged into the virion during the 
previous infection cycle. Initiation of reverse transcription requires the 
interactions of US sequences with the leader, the inverted repeat (IR) 
sequences proximal to the tRNA binding site, and the TwC loop se-

FIGURE 9. Predicted secondary structures of 5' noncoding regions and potential interac
tions with tRNA primers for several retroviruses. Numbers are nucleotides from the 5' 
end of viral RNA. Mutagenesis studies in the ASL V reveal that the interactions between 
US sequences and leader sequences, the inverted repeat proximal to the tRNA primer
binding site, and the TitC loop in the tRNA primer are required for efficient initiation of 
reverse transcription (Cobrinik et al., 1988, 1991i Aiyar et al., 1992). ASLV, MuLV, and 
SRV contain binding sites for tRNATrp, tRNAPro, and tRNALys, respectively. [Redrawn 
from Aiyar et al. (1992).1 
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quence in the tRNA primer (Fig. 9) (Aiyar et al., 1992). NC protein 
apparently plays a role in reverse transcription, since mutations in the 
NC domain of gag block viral DNA synthesis (Meric and Goff, 1989). 
The first viral DNA intermediate observed is a portion of minus-strand 
DNA that extends from the 3' end of the tRNA primer to the 5' end of the 
viral genome; this species, designated strong-stop DNA, is the predomi
nant product in in vitro reaction systems (Fig. 8, step 1) (Haseltine et al., 
1976; Coffin and Haseltine, 1977). 

The first strand transfer requires the short sequence R that is repeated 
at each end of the retroviral genome, and R has a characteristic length 
depending on the retrovirus (Table III) (Coffin et al., 1978; Stoll et al., 
1977). RNase H removes R from the hybrid structure at the 5' end of viral 
RNA (Fig. 8, step 2). Thus, the region of strong-stop DNA complementary 
to R is left unpaired and is available for hybridizing to the R sequence at the 
3' end of the viral genome (Fig. 8, step 3). Accordingly, the first strand 
transfer involves repositioning of newly initiated minus-strand viral DNA 
from the 5' end to the 3' end of the viral RNA genome. This strand transfer 
has the potential to involve the end of either the same RNA genome (i.e., 
intramolecular event) or the second RNA genome copackaged in the virion 
(i.e., intermolecular event). To distinguish these possibilities, heterozygous 
virus particles that varied in sequences in U 3 and U 5 L TR domains were 
produced by site-directed mutagenesis, and progeny viruses were exam
ined after a single round of infection. Sequence analysis of the marked 
LTRs revealed that the first strand-transfer step in reverse transcription is 
an intermolecular event (Panganiban and Fiore, 1988). In a similar study 
aimed at investigating the mechanism of retroviral recombination, transfer 
of minus-strand strong-stop DNA was observed to be both intermolecular 
and intramolecular (Hu and Temin, 1990b). Experimental differences may 
account for the apparent discrepancy [discussed in Hu and Temin (1990b)]. 
Although this issue requires resolution, the scheme adopted in this review 
is provisionally based on an intermolecular transfer event for minus-strand 
strong-stop DNA (Fig. 8, steps 4 and 5). At this strand-transfer step, the 
poly-A tail in the RNA genome is removed, presumably as a consequence 
of RNase H digestion of the 3' R (Fig. 8, steps 4 and 5). 

Viruses with mutations in RNase H synthesize strong-stop minus
strand DNA but do not translocate this DNA from the 5' end of the RNA 
template to the 3' end of a second RNA genome template (Tanese et al., 
1991). In vivo studies also show that complete copying of R is not re
quired before this strand transfer occurs; thus, the relative contribution 
of R from each end of the RNA genome is determined by the length of 
the R region copied prior to the transfer taking place (Lobel and Goff, 
1985). Subsequent to this strand transfer, R T continues to elongate 
minus-strand viral DNA by copying genomic RNA through the tRNA 
primer-binding site (i.e., PB-) (Fig. 8, step 4). 
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Synthesis of viral plus-strand DNA is initiated at a primer site near 
the 3' end of the viral genome (Fig. 8, step 5). RNase H activity degrades 
the portion of genomic RNA in RNA-DNA hybrids and generates an 
oligoribonucleotide primer at the polypurine track (PPT) near the 3' end 
of the viral genome (Resnick et a1., 1984; Smith et a1., 1984; Luo et al., 
1990). This site is designated the plus-strand primer-binding site (PB+). 
RT initiates synthesis of plus-strand DNA from the oligoribonucleotide 
at the PB+ and thus produces the intermediate designated plus-strand 
strong-stop DNA (Mitra et al., 1979). The enzyme continues to elongate 
on the minus-strand DNA template and copies the portion of the tRNA 
molecule that is complementary to the PB- site. A methylated adenine 
residue in the tRNA molecule blocks R T in the PB- site. Accordingly, 
this modified nucleotide is the termination point for synthesis of plus
strand DNA. RNase H activity removes the tRNA primer from the 5' 
end of minus-strand DNA (Orner and Faras, 1982). Elongation of posi
tive-strand DNA then continues to the end of the viral minus-strand 
template. The second transfer involves base-pairing of the tRNA 
primer-binding site (PB-) in plus-strand viral DNA to the 3' end of the 
minus DNA strand (Fig. 8, step 6). Through the use of molecularly 
cloned heterozygous viruses with distinguishable termini as described 
above, the second strand transfer was shown to be an intramolecular 
event (Panganiban and Fiore, 1988; Hu and Temin, 1990b). After the 
second transfer, R T continues to the ends of the templates and thus 
generates double-stranded linear viral DNA molecules that have LTRs 
and blunt termini (Fig. 8, step 7). All steps in reverse transcription take 
place in a nucleoprotein complex in the cell cytoplasm, and the product 
viral DNA product in this complex is subsequently transported into the 
nucleus for integration into the host-cell genome (see Section V below) 
(Brown, 1990). 

J. Alternative Mechanisms for Synthesis of Viral 
Plus-Strand DNA 

Differences among retroviruses are noted with respect to the synthe
sis of plus-strand DNA. For some retroviruses (e.g., MuLV and MMTV) , 
the plus strand is elongated from one position, the PB+ site (Fig. 8, step 
7) (Kung et a1., 1981). In contrast, synthesis of AS LV plus strands is 
discontinuous, and multiple priming sites are utilized to generate over
lapping plus-strand DNA molecules (Boone and Skalka, 1981a, b; Kung 
et al., 1981; Junghans et al., 1982a, b). Breaks in genomic viral RNA may 
provide internal priming sites for the synthesis of plus strands. Alterna
tively, RNase H may produce internal oligonucleotide primers at sites 
that are rich in purines and thus resemble the PB+ site. If the viral plus 
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strand is made in several pieces, then a ligase activity joins these pieces 
to form fully double-stranded linear viral DNA molecule. The host cell 
most likely provides the requisite DNA ligase activity. 

Certain members of the lentivirus (e.g., visna virus) and spumavirus 
genera appear to prime efficiently at a sequence approximately in the 
middle of the genome (i.e., within the pol gene) as well as at the PB+ site 
near the 3' LTR (Mergia and Luciw, 1991, and references therein). The 
internal priming site for lentiviruses and spumaviruses is rich in purines 
and is very similar in sequence to the PB+ site of the respective virus. In 
these examples of discontinuous plus-strand synthesis, DNA ligase ac
tivity is required to produce the fully double-stranded linear viral DNA 
that is the precursor to integrated DNA. The significance of discon
tinuous synthesis of plus strands remains to be determined. A model for 
retroviral recombination is based on the notion that plus-strand viral 
DNA fragments from one viral genome invade a second viral genome 
that is in the process of reverse transcription (Katz and Skalka, 1990j Hu 
and Temin, 1990b). The invading DNA may then displace plus strands 
in the second genome and be assimilated to produce a double-stranded 
linear viral DNA molecule with a heteroduplex region(s). 

V. RETROVIRAL INTEGRATION 

A. Overview 

The notion that retroviruses integrate into the cell genome is im
plicit in the provirus hypothesis (Temin, 1976) (see Chapter 1). Direct 
proof for covalent linkage of retroviral and cell DNA was obtained from 
molecular cloning and sequencing of viral-cell DNA junctions. In addi
tion, genetic evidence based on analysis of viral mutants demonstrated 
that integration is required for viral replication. The provirus is co-lin
ear with both unintegrated linear viral DNA and the virion RNA ge
nome, and a short direct repeat of cell DNA is introduced at the site of 
viral DNA insertion into the cell genome. Many sequences in cell DNA 
are potential targets for integration, although there may be a preference 
for some sites (Varmus and Brown, 1989). 

Critically important advances on the elucidation of retroviral inte
gration have been made recently in several in vitro systems (Brown, 
1990). Linear viral DNA (i.e., substrate) is processed by nicking and 
subsequently joined to target DNA in a reaction system containing puri
fied IN proteinj these reactions closely mimic steps in the integration 
process observed in infected cells. Studies with in vitro systems have 
also ruled out previous notions that circular viral DNA forms are inter
mediates in the integration pathway (see below). Accordingly, the subse-
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quent elaboration will focus on properties and functions of IN as well as 
on features of both target DNA and the termini of the integrative pre
cursor (i.e., linear viral DNA). Investigations of bacteriophage mu and 
other transposable elements have also provided useful paradigms for 
proposing and testing hypotheses relevant to the mechanism of retro
viral integration (Kleckner, 1989, 1990; Pato 1989; Sandemeyer et al., 
1990; see Chapter 4). 

B. Significance of Retroviral Integration 

Retroviruses have evolved a specific integration mechanism be
cause higher eukaryotic cells do not have an efficient mechanism for 
precisely inserting exogenous DNA into the cell genome (Subramani 
and Berg, 1983; Miller and Temin, 1986; Bollag et a1., 1989; Coffin, 
1990c, and references therein). Transfection and microinjection studies 
with cloned DNA molecules reveal that cells utilize an illegitimate re
combination mechanism for integrating foreign DNA, which undergoes 
random deletions and rearrangements inside the cell (Perucho et al., 
1980; Luciw et al., 1983,1984; Hwang and Gilboa, 1984). Under special 
circumstances, exogenous DNA is integrated by means of a homologous 
recombination pathway; however, the frequency of insertion by this 
means is generally low (Capecchi, 1989; Coffin, 1990c; Gridley, 1991). 

Integration has significance for retroviral replication and implica
tions for virus-host interactions. Proviruses are replicated in concert 
with the host-cell genome; thus, viral genetic information is faithfully 
passed on to daughter cells during each cell cycle (Temin, 1976). Stable 
vertical transmission of endogenous retroviruses is a feature of insertion 
of viral DNA into germline cells (see Chapters 2,6, and 7). In addition, 
the integrated form of retroviral DNA is the template for transcription; 
synthesis of viral RNA transcripts involves the interaction of host-cell 
RNA polymerase II and other cellular factors with promoter elements in 
the LTR (Majors, 1990). This is an example of the parasitism of viruses, 
since retroviruses utilize components of the host-cell transcriptional ap
paratus for regulating viral gene expression. Integrated retroviruses are 
able to establish a state of latency and can also produce genetic changes 
in both infected cells and animals (e.g., activation of proto-oncogenes in 
somatic cells, mutations in the germ line) (see Chapter 1) (Jaenisch, 
1976; Jaenisch et a1., 1983; also see Varmus et al., 1981). Transduction 
of cellular genes (e.g., proto-oncogenes) is an infrequent but important 
consequence of retroviral integration [reviewed by Kung and Vogt 
(1991)]. Finally, precise and stable patterns of insertion into host-cell 
DNA are desirable features of retroviral vectors designed for therapeu
tic applications (see Section IX). 
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C. Termini of Linear Viral DNA 

Specific sequences in the termini of unintegrated viral DNA playa 
major role in integration. The outside edges of the LTRs are short in
verted repeats that define the retroviral attachment (att) site which func
tions in cis in the integration process (Varmus and Brown, 1989). These 
inverted repeats are generally less than 20 nucleotides in length and are 
often imperfect (Table IV). The terminal four nucleotides in linear DNA 
are 5'-AATG ... CATT-3'; these sequences are highly conserved in the 
termini of retroviruses and other retrotransposons (Varmus and Brown, 
1989; Sandemeyer et ai. , 1990). Mutagenesis studies in several retroviral 
systems indicate that these terminal inverted repeats are required for 
efficient integration and viral replication; mutations in other regions of 
the LTR do not affect integration (Panganiban and Temin, 1983; Coli
celli and Goff, 1988a; Cobriniket al., 1987; Rothet al., 1989b). Presum
ably, IN protein forms a multimeric complex (e.g., homodimer or tetra
mer) and thereby interacts with the att sites (i.e., inverted repeats) at 
both termini of linear viral DNA (Fig. 10). 

D. Nucleoprotein Complexes Containing Linear Viral DNA 
in Infected Cells 

Following entry of the virion into the cell, a sequence of reverse 
transcription events in the cytoplasm produces linear double-stranded 
viral DNA molecules, and viral proteins remain associated with the 
newly synthesized DNA (Fig. 8). Biochemical fractionation procedures 
have been used to isolate this viral nucleoprotein complex from the 
cytoplasm (Brown et al., 1987; Bowerman et al., 1989; Fujiwara and 
Mizuuchi, 1988; Brown, 1990, and references therein; Farnet and Hasel
tine, 1990, 1991). In rate-zonal centrifugation conditions, the complex 
from MuL V -infected cells sediments at 160S and contains a molecule of 
linear viral DNA (ca. 20S) that has blunt ends. Viral IN is contained 
within the nucleoprotein complex, and CA, R T, and NC may also be 
present (Brown et ai. , 1989). The nucleoprotein structure is permeable 
to macromolecules, because viral DNA in purified 160S cytoplasmic 
particles is sensitive to exogenously added DNase (Bowerman et ai. , 
1989). In cells infected with HIV-1, linear viral DNA is found in a cyto
plasmic nucleoprotein complex that contains IN; however, other virion 
proteins are not detected in this complex (Farnet and Haseltine, 1991). 
Whether HIV -1 and MuL V are intrinsically different with respect to the 
composition of the integration complex or whether experimental differ
ences account for the disparity in composition remains to be deter-
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mined. The stoichiometry of IN per viral DNA molecule and the topol
ogy in the cytoplasmic nucleoprotein complex have not been deter
mined. A specific structural arrangement of IN molecules may be 
necessary to hold the two viral DNA ends in close proximity to each 
other and to permit a precise association of the complex with cellular 
target DNA in the nucleus during integration (see below). The observa
tion that linear retroviral DNA is contained within a nucleoprotein 
complex is consistent with the emerging view that recombination sys
tems in a variety of organisms involve complex structures formed by 
DNA-protein and protein-protein interactions (Echols, 1986; Craig, 1988). 

The nucleoprotein complex containing linear viral DNA enters the 
nucleus by a mechanism that remains to be elucidated. Potential nuclear 
localization signals on viral proteins may participate in active transport 
of the complex into the nucleus. IN of ASL V has been shown to localize 
to the nucleus and thus may playa role in the movement of the complex 
through nuclear pores (Morris-Vasios et al., 1988; Nigg et al., 1991). 
Other viral proteins (e.g., CA or NC gag proteins) in the complex may 
mediate this process. Alternatively, the viral nucleoprotein complex 
may enter the nucleus during mitosis when the nuclear membrane tran
siently diassembles. 

An in vitro system that utilizes these viral nucleoprotein complexes 
has been devised to investigate the mechanism of retroviral integration 
(Brown et al., 1987, 1989; Fujiwara and Mizuuchi, 1988; Fujiwara and 
Craigie, 1989; Brown, 1990, and references therein). The 160S complex, 
purified from the cytoplasm of cells acutely infected with MuLV, is 
incubated with naked target DNA (e.g., bacteriophage lambda DNA) 
and divalent cations. Products of the integration reaction (i.e., recombi
nant DNA molecules) are scored and selected with sensitive genetic and 
cloning methods. Integration in this in vitro system is faithful in that 
proviral structures are obtained. Linear viral DNA loses the terminal 
dinucleotide from each end, covalent linkage is through the CA 3' dinu
cleotide in viral DNA termini, and a short duplication is produced in 
target DNA at the site of insertion (Fig. 10) (Brown et al., 1987, 1989; 
Fujiwara and Craigie, 1989; see also Hughes et al., 1981; Majors and 
Varmus, 1981). This in vitro system has been modified to evaluate the 
effects of topology of the target DNA; depending on experimental con
ditions, integration into minichromosomes is as efficient as or more 
efficient than integration into naked DNA (Pryciak et al., 1992) (see 
below). Supplements of extracts from infected cells to these in vitro 
systems and an exogenous energy source are not required (Brown, 1990, 
and references therein). Thus, the 160S complex apparently contains all 
components necessary for recapitulating the normal pathway of retro
viral integration. 
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E. Genetics, Structure, and Topology of Integrase 

IN protein is derived by proteolytic cleavage from the 3' portion of 
the gag-pol polyprotein (Fig. 4) (Leis et al., 1983). Genetic studies with 
viruses containing site-specific mutations demonstrate the importance 
of this enzyme for viral replication. Mutations in the IN domain of the 
gag-pol gene do not affect early events up through reverse transcription 
and entry of the viral nucleoprotein complex into the nucleus (Done
hower and Varmus, 1984; Hippenmeyer and Grandgenett, 1984; 
Schwartzberg et al., 1984a; Panganiban and Temin, 1984b; Quinn and 
Grandgenett, 1988). Processing of the 3' ends of linear viral DNA in the 
cytoplasm is blocked, and integration as well as all subsequent steps in 
the viral life cycle are precluded (Brown et al., 1989; Roth et al., 1989a; 
see also Hagino-Yamagishi et al., 1987). 

Alignment of predicted amino acid sequences of IN proteins from 
diverse retroviruses reveals high conservation in this portion of the pol 
gene (Doolittle et al., 1989). The N-termini of IN proteins of several 
diverse retroviruses contain a specific arrangement of histidine and cys
teine residues that resembles the metal finger domain of proteins which 
bind nucleic acids (Johnson et al., 1986; Berg, 1986). ASLV IN proteins 
with mutations affecting the histidine-cysteine motif at the N-terminus 
are able to bind DNA in vitro, although the cleavage and joining activi
ties are reduced (Khan et al., 1991; Mumm and Grandgenett, 1991). The 
central region of IN proteins is also highly conserved and shows similari
ties with sequences deduced for bacterial insertional (IS) elements (Doo
little et al., 1989). Mutations in this central domain of ASLV IN abrogate 
the nonspecific mode of binding to DNA (Khan et al., 1991). 

Secondary structure predictions, which draw on a composite of hy
dropathy, amphipathicity, and chain flexibility profiles, revealed a 
highly conserved amphipathic helix in the IN proteins of several diverse 
retroviruses (Linn and Grandgenett, 1991). The proposed amphipathic 
helix (coiled coil pattern) may function in cooperative interactions of IN 
molecules and/or may influence binding to DNA by a mechanism simi
lar to that of several eukaryotic transcriptional factors (Landschulz et al., 
1988; O'Shea et al., 1989). 

ASL V IN recovered from virions is phosphorylated whereas MuL V 
IN is not (Tanese et al., 1986; Horton et al., 1991). This modification 
appears to be mediated by a host cell protein kinase trapped in virions 
and occurs after particles are released from cells (Eisenman et al. 1980). 
Presumably, phosphorylation directs proteolytic processing (by viral 
PRJ of the gag-pol polyprotein to generate mature AS LV IN. 

IN may hold the ends of linear viral DNA together and may simulta
neously interact with viral and host-cell DNA (Bushman et al., 1990; 
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Grandgenett and Mumm, 1990) (Fig. 11). Accordingly, models are pro
posed on the basis of either one or two active sites on the IN molecule. If 
the cleavages and strand-transfer reactions involve one molecule of IN, 
then each molecule has two active sites. One site recognizes the end of 
linear viral DNA and the other interacts with target cell DNA (dimeric 
form of IN, Fig. 11). Alternatively, cleavage and strand transfer may 
involve independent units whereby one IN molecule cleaves an end of 
viral DNA and the other IN molecule acts on target DNA (tetrameric 
form of IN, Fig. 11). IN may also interact with CA (i.e., major core 
protein from gag) and, perhaps, with cellular proteins (Brown, 1990). 
Domains of IN that mediate these potential protein-protein interac
tions remain to be defined. Presumably, different active sites on IN are 
involved in nicking of viral DNA termini (in the cytoplasm) and cleav
age of target DNA (in the nucleus). In addition, the sequence-dependent 
recognition of viral DNA termini and the sequence-independent inter
actions with target cell DNA are probably mediated by distinct sites on 
IN. Analysis of site-specific IN mutations in in vitro integration sys
tems together with elucidation of its crystal structure will be essential to 
map functional domains and to validate models that describe interac
tions of IN proteins with substrate and target DNA. 

F. Function of Integrase Analyzed in vitro with Defined 
Components 

Essential events mediated by IN protein in the retrovira1 integration 
model are shown in Fig. 10 (Varmus and Brown, 1989; Kulkosky and 
Skalka, 1990; Grandgenett and Mumm, 1990). In the nucleoprotein in
tegration complex, IN may interact with both (blunt) ends of linear viral 
DNA in a sequence-specific fashion by recognizing the short inverted 
terminal repeats. A nick is introduced by IN at each terminus of the viral 
DNA molecule so that two base pairs (TT) are lost and recessed 3' ends 
are generated. After transport of the nucleoprotein complex to the nu
cleus, IN may mediate sequence-independent interactions between the 
complex and target cell DNA. Subsequently, IN makes a staggered cut in 
cell DNA and catalyzes single-strand joining of the recessed dinucleo
tide CA 3' ends of viral DNA to these cell DNA 5' overhangs. Finally, 
host-cell enzymes may remove mismatched overhangs (i.e., AA dinu
cleotide at 5' viral ends) and seal single-stranded regions in target DNA, 
thus establishing direct repeats at the site of integration. The size of the 
direct repeat is characteristic for the infecting virus and does not depepd 
on the cell type; therefore, IN controls the size of the staggered cut. 

The nicking function of IN has been directly examined in several in 
vitro systems with purified IN protein and defined DNA substrates 
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(Katzman et al., 1989; Katz et al., 1990; Vora et al., 1990; Bushman et al., 
1990; Sherman and Fyfe, 1990). Both virions and genetically engineered 
expression systems are the source of IN protein. Substrates that mimic 
the ends of L TRs are short linear double-stranded oligodeoxynucleo
tides. IN has endonucleolytic activity and makes nicks two nucleotides 
from the 3' hydroxyl ends of these synthetic DNA substrates; thus, two 
nucleotides that extend beyond the highly conserved AC residues are 
removed (Fig. 10). The complementary strands are not cut and the reac
tion is specific in that sequences representing termini of a heterologous 
retrovirus are not nicked at an analogous position. The in vitro system 
has been used to show that nucleotides proximal to the cleavage site are 
most critical for nicking. In ASL V, the minimum substrate size for effi
cient cleavage activity corresponds to the 15-bp terminal inverted repeat 
at the ends of linear viral DNA (i.e., viral att site) (Katzman et al., 1989). 
These findings on substrate requirements for IN activity in vitro have 
been validated by genetic analysis of mutant viral genomes in cells. 
These genetic studies show that the terminal 10-20 nucleotides in viral 
DNA are essential for both efficient integration and viral replication in 
infected cells (Panganiban and Temin, 1983; Colicelli and Goff, 1988a; 
Cobrinik et al., 1987; Roth et al., 1989b). Thus, in vitro studies of IN, 
together with observations in vivo, demonstrate that this protein has 
appropriate endonucleolytic activity for preparing the integrative pre
cursor. In addition, these in vitro findings provide enzymatic evidence 
that linear viral DNA is the precursor to the integrated provirus. 

The joining (i.e., strand-transfer) reaction mediated by IN has also 
been examined in in vitro assay systems (Katz et al., 1990; Craigie et al., 
1990; Bushman et al., 1990; Bushman, and Craigie, 1991; Vora et al., 
1990). In one assay configuration with purified IN protein, substrate 
oligodeoxynucleotides with the recessed 3' hydroxyl ends produced by 
IN (i.e., donor DNA) are covalently linked to various sites in either the 
plus or minus strands of target oligonucleotides (i.e., acceptor DNA) 
(Fig. 10). Analysis of the reaction products by DNA sequencing revealed 
that joining is indeed through the recessed 3' end of the donor molecules 
(Fig. 10). Thus, this system demonstrates that IN nicks substrate DNA 
and mediates a strand-transfer reaction between substrate and target 
oligodeoxynucleotides (Katz et al., 1990; Craigie et al., 1990; Bushman 
et al., 1990; Bushman and Craigie, 1991). 

In another in vitro assay configuration, the fidelity of the strand
transfer reaction was evaluated by examining sequences in target DNA 
(Katz et al., 1990; Bushman et al., 1990; Craigie et al., 1990). Linear 
plasmid molecules that have recessed 3' ends (i.e., donor DNA) similar 
to those produced by IN are incubated with purified IN protein and 
bacteriophage lambda target DNA (i.e., acceptor DNA). Integration 
products are recombinant phage containing plasmid inserts. Sequence 
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FIGURE 10. Model for integration of viral DNA into the host-cell genome. This figure 
emphasizes the interactions of the ends of linear viral DNA molecules with host-cell DNA 
during the integration process. Step 1: Double-stranded linear viral DNA is made by re
verse transcription in a cytoplasmic nucleoprotein complex which also contains viral CA, 
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analysis of junctions between plasmid and phage DNA revealed a short 
direct repeat flanking the termini of the donor plasmid; in addition, 
joining was through the AC dinucleotide in the donor DNA. Integrated 
proviruses in cells infected with MuL V and ASL V are flanked by 4- and 
6-bp direct repeats in cell DNA, respectively /Varmus and Brown, 1989, 
and references therein). Accordingly, in vitro reactions with IN protein 
from these two viruses faithfully recapitulated the predicted staggered 
cut and yielded the appropriate size for the direct repeat in target DNA 
/Katz et a1., 1990; Bushman et a1., 1990; Craigie et a1., 1990). Thus, 
reaction systems with defined components reflect major features of ret
roviral integration observed in infected cells /Fig. 10). 

IN-mediated cleavage of target DNA and the joining reaction in 
vitro do not require an exogenous energy source /P. O. Brown, 1990, and 
references therein). Most viral DNA molecules have a 3' recessed end 
before entering the nucleus /Fig. 10); therefore, IN-mediated cleavage of 
the viral termini cannot be coupled to the joining reaction /P. O. Brown 
et a1., 1989; Roth et a1., 1989b). The 3' hydroxyl ends of linear viral DNA 
act as the nucleophile in a trans esterification mechanism to attack a 
phospho diester bond at the site of insertion into target DNA /Engelman 
et a1., 1991). In the HIV-l and MuLV systems, the stereochemical course 
of the cleavage and strand-transfer reactions was determined by incorpo
rating phosphorothioate linkages into the DNA substrate and target 
DNA. A phosphorothioate linkage has a chiral center; thus, an inversion 
will be observed in a one-step reaction and no change in configuration 
will be noted in a two-step mechanism /Le., via a DNA-IN covalent 
intermediate). Analysis of integration in vitro with IN protein revealed 
that both the viral DNA cleavage reaction and the strand-transfer reac
tion involve inversion of the chirality of the participating phosphoro-

and/or during transport of the nucleoprotein complex to the nucleus. Steps 2a and 2b are 
shown separately for pedagogical reasons; however, the cleavage and joining events proba
bly take place in a concerted reaction. Step 2a: In the nucleus, the nucleoprotein complex 
attaches to a site in target-cell DNA. IN probably mediates selection of the target site and 
numerous preferred sites have been identified within the cell genome; however, structural 
features of chromatin may influence site selection. Cleavage of target cell DNA and join
ing to termini of linear viral DNA occur in a coordinated reaction. A staggered cut is made 
by IN in target DNA to generate a short overhang (4-6 bases, depending on the retrovirus) 
with a phosphorylated 5' end. Step 2b: The 5' phosphorylated end of target DNA is joined 
by IN to the 3' hydroxyl ends of linear viral DNA. Energy for the joining reaction may 
come from (i) a transient DNA-IN intermediate that stores energy from the cleaved phos
phodiester bond in a transient high-energy DNA-protein bond, or (ii) from a transesterifi
cation reaction involving nucleophilic attack of a phosphodiester bond at the site of inser
tion in target DNA by the 3' hydroxyl end of linear viral DNA. Step 3: The fully integrated 
provirus is generated after several steps that probably involve host-cell enzymes; these 
steps include removal of the two mismatched bases at each 5' terminus of viral DNA, 
completion of the single-stranded gap in target DNA, and ligation of the remaining ends 
of viral and target DNA. [Redrawn from Varmus and Brown (1989).J 
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thioate groups; this outcome supports a one-step trans esterification 
mechanism (Engelman et al., 1991). In addition, IN has been shown to 
mediate exchange of DNA 3' hydroxyl groups in vitro with oligomeric 
substrates that mimic the integration intermediate (Fig. la, step 2b) 
(Chow et al., 1992). This latter observation demonstrates that the pro
tein catalyzes a template-guided DNA trans esterification reaction. A 
one-step trans esterification mechanism has also been proposed to ac
count for the transposase function of bacteriophage mu (Mizuuchi and 
Adzuma, 1991). 

Additional support for a model in which IN is not a reactant but an 
enzyme is based on the finding that this protein promotes the integra
tion reaction in reverse via a process designated disintegration (Chow et 
al., 1991). Oligonucleotides that mimic the integration intermediate 
(Fig. 10, step 2b) are substrates for monitoring disintegration. IN medi
ates a DNA splicing reaction analogous to RNA splicing when the viral 
DNA component of the disintegration substrate is single-stranded; this 
activity of IN is speculated to be relevant for joining the viral 5' end to 
target DNA (Fig. 10, step 3) (Chow et al., 1992). Additional analysis of 
the forward and reverse reactions provides a means to determine physi
cal constraints on viral and target DNA molecules as well as to elucidate 
the influence of accessory viral and cellular factors on the integration 
process. 

An alternative mechanism that has been suggested to provide en
ergy for retroviral integration involves a step mediated by a DNA-IN 
covalent intermediate (Katzman et al., 1991). Precedents include site
specific recombinases and topoisomerases which store the energy of a 
cleaved phosphodiester bond via a transient high-energy DNA-protein 
phosphodiester bond (e.g., bacteriophage lambda integration) (Wang, 
1985; Craig, 1988). Covalent linkage of ASLV IN and target DNA has 
been detected in in vitro reactions; however, this linkage may be adven
titious and may not represent an integration intermediate (Katzman et 
al., 1991). 

After the IN-mediated strand-transfer reaction in infected cells, 
viral and/ or cellular enzymes remove the mismatched terminal dinucleo
tides, fill in the gaps, and ligate the remaining DNA strands (Fig. 10). It 
is tenable that the gap may be filled in by R T and that IN may cleave the 
unpaired terminal dinucleotides (at the 5' end of viral DNA) and subse
quently join viral and target DNA (Chow et al., 1992). Although IN is 
sufficient to mediate the cleavage and joining functions for integration, 
viral and cellular factors may affect the efficiency of these critical steps 
in retroviral replication. In vitro integration systems can be used to in
vestigate the roles of accessory factors in the integration pathway, and 
these systems offer unique opportunities to test and develop inhibitors 
of IN function. 
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Critical issues in retroviral integration are target site specificity and 
topology. Studies on proviruses in infected cells show that many sites in 
the cell genome are available for integration and that very little sequence 
preference is exhibited. To evaluate site specificity, about ten host-viral 
junctions for several retroviruses were compared; a common target se
quence was not disclosed by these comparisons (Dhar et al., 1980; Var
mus and Brown, 1989, and references therein). However, results from 
an extensive analysis of ASL V integrations in avian cells supports the 
notion of preferred sites or "hot spots" in the cell genome (Shih et al., 
1988). A selective cloning procedure was used to obtain a large library of 
host-viral junctions from a culture of cells infected with ASLV; ran
domly selected cloned integration regions were used as probes to map 
the entire recombinant library. Approximately 20% of integrations 
mapped to 1 of about 1000 target regions in the avian cell genome; 
strikingly, independent insertions into the same region were identical. 
Thus, ASLV integrates into a hot spot about 100,000 times more often 
than expected for a random site (Shih et ai., 1988). Whether these cloned 
target sites from the avian genome will be recognized as preferred sites 
(in the form of naked DNA substrates) for integration in vitro remains 
to be determined. 

A unique in vivo system for examining target site specificity is 
based on the observation that retroviruses integrate into the genomes of 
DNA viruses (i.e., herpes viruses) in coinfected cells. Cultures of avian 
cells were coinfected with REV and Marek's disease virus (MDV) and, 
after several passages, MDV minichromosomes were recovered and 
found to contain integrated REV DNA (Isfort et al., 1992.). Sequencing 
revealed that the REV L TR lost the terminal two nucleotides and was 
inserted into duplicated (5 bpI MDV target sequences; this is the pattern 
observed at retrovirus-cell DNA junctions when REV integrates into the 
cell genome. In similar co infection experiments, ALV has also been 
shown to insert into the MDV genome. Examination of natural MDV 
isolates also demonstrated the presence of REV L TRs that appeared to be 
correctly integrated (Isfort et al., 1992). The evolutionary and functional 
significance of retroviral insertion into herpes viruses remains to be 
determined. Nonetheless, this coinfection system is a means to investi-

. gate target site specificity (and topology) in retroviral integration in 
cells. In addition, nonessential genes of herpes viruses can be mapped by 
retroviral insertional mutagenesis, a procedure formally analogous to 
transposon-induced insertional mutagenesis. 

Topological features of target cell DNA may influence retroviral 
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integration. The in vitro integration systems described above demon
strate that naked DNA is a target for IN-mediated joining reactions 
(Brown, 1990). This finding reveals that neither supercoiling nor chro
matin structure is required for integration; however, these features may 
affect the efficiency of target site selection. Proviruses are found more 
frequently in actively transcribed regions and in DNase I hypersensitive 
sites than in regions of closed chromatin (Robinson and Gagnon, 1986; 
Vijaya et a1., 1986; Rohdewohld et a1., 1987; Scherdin et a1., 1990; 
Mooslehner et a1., 1990). Actively dividing cells support both synthesis 
of viral DNA and integration more efficiently than do nondividing cells 
(Varmus et a1., 1977; Humphries et a1., 1981; Harel et a1., 1981; Miller et 
a1., 1990). Accordingly, cell replication may uncover areas in the target 
DNA for attachment of the viral nucleoprotein complex. Alternatively, 
the requirement for cellular DNA replication may mean that cellular 
functions expressed in the S phases are essential for either entry of the 
viral nucleoprotein complex into the nucleus or efficient integration 
(Richter et a1., 1984). In the analysis of the integration patterns in ASLV
infected cells described above, the nature of target sites with respect to 
chromatin topology was not determined (Shih et a1., 1988). 

To evaluate the role of structural accessibility of target DNA in 
vitro, minichromosomes made from either a yeast plasmid or a mamma
lian viral genome (e.g., SV40) are used as substrates in integration reac
tions containing the MuL V 160S nucleoprotein complex from infected 
cells (see above) (Pryciak et a1., 1992). Depending on reaction conditions 
(e.g., concentration of target, presence of polyamines), minichromo
some targets are as efficient as or more efficient than naked DNA tar
gets. Sequencing and cloning revealed that the junctions of retroviral 
DNA and minichromosome target DNA mimic the authentic integra
tion pattern observed in infected cells (i.e., 2 bp are lost from linear viral 
DNA and a 6-bp duplication is introduced into the target). A preference 
was not observed for insertion into exposed regions free of nucleo
somes. However, target sites were spaced at about 10 bp. In addition, 
some sequence selectivity was demonstrated, since many sites con
tained multiple insertions. Thus, retroviral integration in this in vitro 
system occurs preferentially into the exposed face of the DNA helix in a 
nucleosome. Perhaps the nucleosomal arrangement presents the major 
groove of the DNA helix to the integration apparatus, and DNA on the 
inside face of the nucleosome core may be sterically inaccessible. Alter
natively, a bend may be induced in target DNA pointed outward from 
the nucleosomal core; accordingly, this feature of altered DNA helical 
structure may influence the retroviral integration process. In either case, 
rotational orientation of the DNA target appears to control target site 
specificity (Pryciak et a1., 1992; Simpson, 1991). Additional studies are 
required to identify the factors that govern rotational orientation of 
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DNA in nucleosomes and to establish whether this topological feature is 
a determinant of retroviral integration in vivo (also see Pryciak and Var
mus, 1992) 

H. Circular Viral DNA in Infected Cells 

Several forms of circular viral DNA forms, in addition to linear viral 
DNA molecules, are also produced in acutely infected cells (Guntaka et 
al., 1976; Shoemaker et al., 1980, 1981; see also Lee and Coffin, 1990). 
Circular forms are found predominantly in the nucleus and are detected 
at early times after infection. The most abundant circular species is a 
supercoiled viral DNA molecule with one copy of the LTR; the mecha
nism that produces this form may be homologous intramolecular recom
bination between the LTRs of a linear viral DNA molecule. A less abun
dant form of circular viral DNA has two juxtaposed LTRs (Shank et al., 
1978). This form appears to arise from intramolecular ligation of the 
ends of linear viral DNA. Sequencing has revealed that in a portion of 
the circular molecules both copies of the L TR are not complete at the 
point of joining (Le., circle junction). Extensive studies of circle junc
tions in unintegrated ASLV DNA recovered from infected cells revealed 
that multiple genetic determinants (Le., the pol and gag genes acting in 
cis and sequences in the LTR acting in trans) influence both the propor
tion of circular molecules with LTR-associated deletions and the rela
tive amounts of circular forms with one or two copies of the LTR (Olsen 
et al., 1990). Nevertheless, a small proportion of circular forms in cells 
infected with a variety of retroviruses contain two intact LTRs; thus, the 
circle junction in this form of viral DNA has two adjacent copies of the 
viral integration site (i.e., att) (Varmus and Brown, 1989). 

Previous views of the retroviral integration process held that viral 
supercoils were the integrative precursor and mechanistic models were 
proposed on the basis of circular intermediates (Varmus and Swanstrom 
1982, 1985, and references therein). In a circular viral DNA molecule 
with one copy of the L TR, a staggered cut at each end of the LTR was a 
predicted step in generating a precursor. This cleavage produces an inte
grative intermediate that can be accommodated by the Shapiro model 
proposed for intermolecular transposition in bacterial systems (Shapiro, 
1979). In an in vitro system, the IN protein of ASLV cleaves circular 
DNA substrates containing two LTRs (Le., circle junction) at precisely 
two nucleotides 5' to the circle junction, thus yielding sites in viral DNA 
that are joined to cell DNA in the integration pathway (Grandgenett and 
Vora, 1985; Duyk et al., 1985). This and other observations based on 
analysis of integration patterns of genetically engineered viral mutants 
have supported the role of circular viral DNA molecules as integrative 
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precursors (Panganiban and Temin, 1984a). However, recent results ob
tained largely from extensive studies in several in vitro systems clearly 
favor the linear form of viral DNA as the direct precursor to the inte
grated provirus (see above) (Brown et al., 1987, 1989; Fujiwara and Mi
zuuchi, 1988). Accordingly, viral supercoils with one and two copies of 
the LTR probably do not play an essential role in the viral life cycle. 

Additional circular viral DNA forms have been observed in infected 
cells (Varmus and Brown, 1989). Multimers that consist of head-to-tail 
monomers may be by-products of the reverse transcription process 
(Goubin and Hill, 1979; Kung et al., 1980). Some circular molecules 
appear to be due to autointegration; the viral att sites at the end of a 
linear viral DNA molecule are inserted into an internal target sequence 
in the same viral DNA molecule. In some instances, these autointe
grants show the hallmarks of retroviral integration (i.e., removal of a 
dinucleotide at the att sites and a short duplication in the target se
quence) (Shoemaker et al., 1980, 1981). A cell-free system from ASLV
infected cells demonstrates auto integration as well as normal integra
tion into exogenous target DNA (Y. M. H. Lee and Coffin, 1990). The 
significance (if any) of all these circular DNA forms for retroviral repli
cation is not known. 

1. Role of Host Cell in Retroviral Integration 

Retroviral DNA synthesis and integration are influenced by events 
in the host cell cycle and by specific cellular factors. Nondividing cells in 
the stationary phase of the cell cycle do not support efficient synthesis of 
unintegrated viral DNA (Varmus et al., 1977; Fritsch and Temin, 1977; 
Humphries et al., 1981). A stable intermediate(s) may persist in the form 
of viral RNA or a mixture of partially reverse-transcribed forms, and 
subsequent stimulation of cell division by a variety of agents (e.g., 
serum, mitogens) produces physiological changes in cells so that all 
phases of viral replication can occur (Varmus et al., 1977; Harel et al., 
1981; Zack et al., 1990). Genetic studies have also implicated cellular 
factors in the control of retroviral DNA synthesis and integration. An 
X-linked mouse gene controlling cell DNA synthesis also affects produc
tion of unintegrated linear MuLV DNA. Defective forms of uninte
grated linear MuL V DNA molecules accumulate at the nonpermissive 
temperature in a cell line that contains a temperature-sensitive defect in 
cell DNA replication; the precise nature of the cellular defect remains to 
be determined (Richter et al., 1984). Another example of cellular control 
of retroviral integration involves the mouse Fv-1 restriction gene. A 
determinant mapping to the gag gene of MuL V influences integration in 
cells of different Fv-1 genotypes (Boone et al., 1983; Ou et al., 1983). In a 
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proposed model, the Fv-1 gene product interacts with the CA protein of 
an infecting subviral core particle and prevents either integration or 
entry into the nucleus (Jolicoeur and Rassart, 1980, 1981; Yang et al., 
1980). Further studies are required to elucidate the potential role of 
host-cell factors in maturation, transport, and integration of retrovi
ral DNA. 

J. Summary of the Model for Retroviral Integration 

A summary of the major events in the retroviral integration path
way is outlined below and schematically presented in Fig. 10. Back
ground information for this model, reviewed above, is drawn from in 
vivo (i.e., cell culture) as well as in vitro studies on several different 
retroviruses (Varmus and Brown, 1989; Kulkosky and Skalka, 1990; 
Grandgenett and Mumm, 1990; Katz et al., 1990; Engelman et al., 1991; 
Sandemeyer et al., 1990). Not all aspects of the integration pathway have 
been rigorously demonstrated for anyone retrovirus and many impor
tant issues remain to be elucidated. Accordingly, the proposed model 
may be modified and revised as new findings are made. Nonetheless, 
this pathway provides an operational framework for additional studies 
on the components (both viral and cellular) and mechanisms that control 
retroviral integration. 

Reverse transcription yields a double-stranded linear viral DNA 
molecule which is part of a cytoplasmic nucleoprotein complex that 
contains and IN protein. The termini of viral DNA are short inverted 
repeats that define the cis-acting att site, and these ends are blunt. Pre
sumably, a multimeric complex of IN holds the ends of the linear viral 
DNA molecule in proximity to each other (Fig. 11). Within the nucleo
protein complex, IN protein nicks a dinucleotide from each 3' end of the 
viral DNA to generate recessed termini with free 3' hydroxyl groups 
(Fig. 10, step 1). This processing event may occur in the cytoplasm and/ 
or during migration of the complex into the nucleus. The nucleoprotein 
complex enters the nucleus and attaches to target cell DNA (Fig. 10, step 
2). IN introduces a staggered cut in the target DNA to generate a short 
overhang (4-6 nucleotides, depending on the retrovirus) with a phos
phorylated 5' end (Fig. 10, step 2). These 5' phosphorylated ends are 
joined by IN to the recessed 3' hydroxyl ends of linear viral DNA (Fig. 
10, step 3). Cleavage and joining take place in a coordinated reaction 
that derives energy from a transesterification step. Cellular and/or viral 
enzymes may remove the two mismatched nucleotides at each 5' ter
minus of viral DNA, fill the single-stranded gap, and nick-seal (i.e., li
gate) the remaining ends to generate the fully integrated provirus (Fig. 
10, step 4). 
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FIGURE 11. Models for the interaction of IN protein with the ends of linear viral DNA 
and target cell DNA. Each shaded sphere represents a molecule of IN protein. The double 
lines represent double-stranded viral and cellular DNA. In the cytoplasmic nucleoprotein, 
either a dimeric or tetrameric complex of IN binds to the short inverted repeats at the 
termini of linear viral DNA (i.e., viral att sites). The complex migrates to the nucleus and 
attaches to target cell DNA. IN probably mediates sequence-independent binding to tar
get DNA. These models predict at least four functional domains on the IN protein: (i) a 
site(s) for binding and nicking the termini of linear viral DNA, (ii) a site(s) for IN-IN 
interactions to generate either the dime ric or tetrameric complex, (iii) a domain for recog
nizing and nicking target cell DNA, and (iv) a site for joining the 3' ends of viral DNA to 5' 
ends of target DNA. 
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Nicking and joining steps mediated by retroviral IN proteins are 
very similar to the transposase functions of bacterial transposons mu 
and TnlD (Craigie and Mizuuchi, 1987j Pato, 1989 j Kleckner, 1989). 
Both IN and trans po sase proteins have site-specific endonucleolytic ac
tivities which generate recessed 3' ends in the mobile DNA element, 
both catalyze a staggered cut in target DNA, and both join the recessed 3' 
ends of the element to the 5' ends of nicked target DNA. Thus, these 
common features support the notions that the basic biochemical mecha
nisms are similar for IN and transposase and that these processes are 
evolutionarily conserved. 

VI. SYNTHESIS OF RETROVIRAL RNA 

A. Overview of Viral RNA Synthesis 

Synthesis of RNA from viral DNA (i.e., transcription) takes place in 
the cell nucleus and is mediated by the multisubunit complex of cellular 
RNA polymerase II (Young, 1991 j Sawadogo and Sentenac, 1990). Regu
lation of viral transcription involves the interplay of specific cellular 
protein factors and viral sequence elements (Johnson and McKnight, 
1989 j Mitchell and Tjian, 1989), and the LTR contains cis-acting ele
ments that control initiation and processing (i.e., polyadenylation) of 
viral transcripts, although internal sequences (between the LTRs) gov
ern splicing (Stoltzfus, 1988 j Majors, 1990). Transport of viral RNA to 
the cytoplasm appears to be closely associated with splicing and/or poly
A addition. Retroviruses with a simple genetic organization (e.g., ASL V, 
MuLV) depend entirely on host-cell components and cis-acting viral se
quences for controlling RNA synthesis (Majors, 1990). In contrast, the 
complex retroviruses (e.g., HTL V-I, HIV) encode transcriptional and 
posttranscriptional transactivators which play important control func
tions in synthesis and processing of viral RNA (Green and Chen, 1990j 

Haseltine, 1991). 
The amount of retroviral-specific RNA in infected cells is smallj 

generally, less than 1 % of total RNA is viral (Varmus and Swanstrom, 
1982, 1985 j Stoltzfus, 1988). Retroviral transcription is closely linked 
to regulatory events in the cell. Dividing cells support viral gene expres
sion more efficiently than do nondividing cells (Humphries and Temin, 
1974j Humphries et al., 1981). In addition, some retroviruses utilize 
cellular activation mechanisms to modulate levels of viral RNA (N abel 
and Baltimore, 1987 j Tong-Starksen et al., 1987 j Tong-Starksen and Pe
terlin, 1990). An example is the induction of MMTV transcription by 
glucocorticoid hormones, which act on regulatory sequences in the viral 
LTR (Majors, 1990). 
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B. Significance of Retroviral Transcription Mechanisms 

Biological properties such as cell tropism are determined, at least in 
part, by the levels of cellular factors that interact with viral regulatory 
sequences in the L TR. These transcriptional regulatory sequences con
trol viral replication rate, organ tropism, and patterns of disease in in
fected animals (Fan, 1990; Kung and Vogt, 1991). Thus, an analysis of 
viral transcription is essential not only for elucidating mechanisms regu
lating viral gene expression, but also for understanding pathogenesis 
and for designing retroviral vectors for gene transfer. 

C. Basal Promoter Elements in the L TR 

The retroviral LTR flanks the viral DNA genome and consists of 
sequences derived from both the 3' end (i.e., U3) and 5' end (R-U5) of 
viral RNA (Fig. 6). This transposition of sequences is a consequence of 
reverse transcription of viral genomic RNA into DNA (Fig. 8). LTRs 
vary from about 300 to 1200 bp (Table III). In the integrated provirus, 
both L TRs are covalently linked to host-cell DNA and the 5' LTR serves 
as the promoter to initiate viral RNA synthesis (Figs. I, 11, and 12). 
Promoters are DNA sequence elements, located at the 5' ends of cellular 
and viral genes, that contain binding sites for various protein factors 
that initiate and regulate transcription (Breathnach and Chambon, 1981; 
Mitchell and Tjian, 1989; Lewin, 1990). Figure 12 is a schematic draw
ing that shows cis-acting sequence elements in the L TRs that control 
viral transcription of ASLV and MuLV (Speck and Baltimore, 1987; 
Stoltzfus, 1988; Majors, 1990). 

Many promoters for viral genes as well as cellular genes contain a 
TATA box, which is a sequence element recognized by a cellular factor 
designated TATA-binding protein (TBP) (Greenblatt, 1991, and refer
ences therein). This factor is a basic part of the cellular transcriptional 
apparatus that involves cellular RNA polymerase II, a multisubunit en
zyme (Sawadogo and Sentenac, 1990; R. A. Young, 1991). Generally, the 
TATA box, located 20-30 bp upstream from the initiation site, is re
quired for accurate and efficient initiation (Lewin, .1990; Greenblatt, 
1991). All known retroviruses have aT A T A box in the U 3 domain of the 
LTR (Fig. 12). In the model for transcription in eukaryotic cells, TBP 
binds to the TAT A box and interacts with specific cellular factors to 
form a preinitiation complex. Subsequently, components of the multi
subunit RNA polymerase II system interact with the preinitiation com
plex to form a stable initiation complex, which then incorporates ribonu
cleotide triphosphates into RNA in a template-dependent reaction 
(Lewin, 1990; Sawadogo and Sentenac, 1990; Greenblatt, 1991). Viral 
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transcripts are modified by cellular capping enzymes which add an in
verted guanyl nucleotide to the 5' ends of newly initiated RNA (Stoltz
fus, 1988Ji the retroviral cap site, designated + I, also defines the 5' end 
of the R region in the LTR (Figs. 6 and 12J. 

Regulation of transcription initiation also involves a variety of 
other cellular factors that interact with sequence elements in the U3 
domain upstream from the TATA box in the LTR (Majors, 1990, and 
references thereinJ. One class of cis-acting regulatory sequences, desig
nated upstream elements, are usually positioned within 150 bp of the 
TATA sequence (Muller et al., 1988 j Lewin, 1990J. Upstream elements 
are generally 8-20 bp long and serve as binding sites for specific cellular 
transcription factors (Mitchell and Tjian, 1989j P. F. Johnson and 
McKnight, 1989Ji examples for the ASL V and MuL V systems are shown 
in Fig. 12 (Majors, 1990J. The TATA box together with upstream ele
ments is often referred to as the basal promoter (Lewin 1990J. Tran
scription initiation in the LTR is regulated by precise combinations and 
arrangements of these binding sites, and changes in upstream elements 
have significant effects on rates of RNA synthesis (Lewin, 1990j Ptashne 
and Cann, 1990j Majors, 1990J. Analysis of transcriptional regulatory 
elements in the U 3 region of the ASL V L TR have not revealed negative
acting sequences (Luciw et al., 1983 j Cullen et al., 1985bJi however, the 
U3 domains of REV, MuLV, and HIV-l contain negative regulatory 
elements (Rosen et al., 1985bj Hirano and Wong, 1988 j Flanagan et a1., 
1989, 1992J. Although transcription of retroviruses with simple ge
nomes is generally regulated through cis-acting elements upstream from 
the start site of RNA synthesis (Le., cap site at +1), in some instances 
R-region sequences influence viral gene expression in a positive fashion 
either at initiation or at a posttranscriptional step(sJ (Ridgway et al., 
1989j Cupelli and Lenz, 1991J. 

Retroviral promoters playa direct role in oncogenesis mediated by 
replication-competent retroviruses that do not encode transforming 
genes (Le., oncogenesJ. This observation was first made in chickens de
veloping B-Iymphoid tumors after infection with ALV (see Chapter 6J. 
Analysis of proviruses in these tumors revealed that the virus had inte
grated next to the c-myc proto-oncogene (Hayward et al., 1981 j Payne et 
al., 1981 J. In normal cells, c-myc is transcribed from its native promoter 
at low levelsj however, AL V tumors contain high levels of c-myc tran
scripts directed by the proviral LTR inserted upstream from the c-myc 
promoter. This mechanism of retroviral neoplasia is termed promoter 
insertion. Studies in several additional avian retroviral systems as well 
as in MuLV, MMTV, and FeL V tumors have also provided examples of 
direct L TR control of cellular proto-oncogenes adjacent to integrated 
proviruses (see Chapters 6 and 7J (Kung, 1991 j Nusse, 1991 j Neil et al., 
1991 j Tsichlis and Lazo, 1991J. 
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FIGURE 12. Transcriptional control elements in the retroviral L TR. The integrated form 
of the provirus for a prototype retrovirus is shown together with several cis-acting ele
ments in the U3, R, and U5 domains of the LTR that play roles in regulating viral tran
scription. In addition, binding sites for cellular transcription factors are shown for the 5' 
LTRs of ASL V and MuL V. The cap site is the location of the 5' end of viral transcripts. 
Cellular transcription factor TBF binds the TAT A box and controls the formation of an 
initiation complex with cellular RNA polymerase II. An upstream element recognized by 
the CCAAT transcription factor/nuclear factor 1 (CTF/NF-l) is also shown. The U3 do
main ofthe ASLV LTR binds cellular enhancer factors 1 and 2 (EF-I and EF-II). Two 75-bp 
direct repeats are located in the MuL V L TR. These repeats are complex enhancer elements 
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D. Enhancer Elements Regulate Viral Transcription 

Another important class of cis-acting sequences that regulate viral 
as well as cellular promoters are enhancers (Levinson et al., 1982; Luciw 
et al., 1983; Gruss and Khoury, 1983; Maniatis et al., 1987). These ele
ments, generally positioned 100-200 bp upstream of the TATA box, 
bind specific cellular factors that enhance or activate transcription from 
the basal promoter (Atchison, 1988; Kriegler, 1990). In some cellular 
genes (e.g., immunoglobulin light- and heavy-chain genes), the enhancer 
is located in an intron downstream from the start site of transcription 
(Lenardo et ai. , 1987). Locations of the ASLV and MuLV enhancers in 
the U3 domains of the respective LTRs for each virus are shown in Fig. 
12. A segment within the ASLV gag gene also has enhancer activity 
(Arrigo and Beemon, 1987; Karnitz et al., 1987; Stoltzfus et ai. , 1987b). 
Some enhancer elements appear to function only in specific cell types 
from certain species, whereas others have a broad range (Kriegler, 1990). 
Thus, the nature of the enhancer is a fundamental determinant of biolog
ical properties of retroviruses, including cell tropism and species range 
as well as pathogenic potential (see below). 

Transient expression assays with plasmids containing cloned tran
scription units have revealed that enhancers function in an orientation
independent and position-independent fashion. An enhancer usually 
has a core domain, about 10-15 bases long, that binds a specific cellular 
factor, and different enhancers do not show extensive sequence homol
ogy (Maniatis et al., 1987; Kriegler, 1990). The fully competent en
hancer contains a hierarchy of binding domains and thus may have a 
modular structure that is up to 70 bases long (Herr and Clarke, 1986) 
(Fig. 12). Promoters may have duplicated copies of the entire enhancer 
and, in some instances, a functional enhancer is created by multimeriza
tion of enhancer core domains. The mechanism(s) by which these tran
scriptional elements regulate initiation is not fully resolved, although 
several possibilities have been proposed (Muller et al., 1988; Dynan, 
1989). An enhancer-binding factor may change the conformation of 
chromatin and thereby make proximal as well as distal promoters more 
accessible to other cellular transcription factors and RNA polymerase II. 

ASL V has an enhancer in the U 3 domain of the L TR that is active in 
a variety of cell types (Luciw et ai. , 1983; Laimins, 1984a; Ju and Cullen, 
1985). The enhancer in U3 appears to be composed of three domains, 

( 

which contain binding sites for several cellular transcription factors: leukemia virus pro
teins a, b, and c (LV-a, -b, and -c), CTF /NF-1, core enhancer binding protein (C/EBP), and 
the glucocorticoid response element (GRE). Both CTF/NF-1 and C/EBP play roles in devel
opmental and tissue-specific regulation of MuL V gene expression. [Redrawn from Majors 
(1990).] 
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and thus resembles other enhancers in that multiple sequence elements 
are involved (Laimins et al., 1984a; Stoltzfus, 1988). One domain is simi
lar to an SV 40 core enhancer and another has homology to the octamer 
sequence found in the immunoglobulin gene enhancer (Parslow et al., 
1984; Herr and Clarke, 1986). 

Several studies on protein factors in avian cells present a complex 
picture of regulation through enhancer sequences and other cis-acting 
elements in the AS LV LTR. Uninfected avian cells contain proteins (i.e., 
EF-I and EF-II) which recognize sequences in the LTR (Fig. 12) (Sealy and 
Chalkley, 1987; Goodwin, 1988). EF-I recognizes a CCAAT motif at 
-129 to -133 and binds to a second CCAA T motif at -65 to -69 with 
lower affinity (Ryden and Beemon, 1989; Faber and Sealy, 1990). De
tailed biochemical analysis of EF-I protein and characterization of 
cDNA clones of EF-I from avian cells reveal that this factor is either 
identical to or highly related to the cellular transcription factors NF-Y 
and CBF (Ozer et al., 1990; Faber and Sealy, 1990; Boulden and Sealy, 
1990). Binding studies and mutational analysis show that additional 
distinct factors in avian cells (E2BP and E3BP) recognize sequences be
tween -203 to -196 and -169 to -158 (Kenny and Guntaka, 1990). 
Footprinting experiments indicate that avian erythroid cells contain fac
tors, designated F-III and F-I, which recognize sequences -225 to -214 
and -195 to -171, respectively (Goodwin, 1988). In RSV-transformed 
cells, v-src appears to increase the level of the cellular factor(s) that recog
nizes the CCAAT element, thereby stimulating transcription directed 
by the viral LTR (Dutta et al., 1990). 

A region within the ASL V gag gene, between nucleotides 788 and 
about 1000, functions as a relatively weak enhancer in transient expres
sion assays (Arrigo et al., 1987; Stoltzfus et al., 1987; Carlberg et al., 
1988). In infected cells, proviral sequences within gag are also nuclease
hypersensitive sites, and thus this region of ASL V may influence chro
matin structure on the provirus (Chiswell et al., 1982; Conklin and 
Groudine, 1986; also see Groudine et al., 1981). Although proteins from 
hamster cells have been shown to interact with sequences in this part of 
gag in in vitro binding assays, the precise relationship between binding 
and enhancer activity has not been established (Karnitz et al., 1987, 
1989). Sequences in gag also function to negatively regulate splicing of 
viral mRNA; however, mutational analysis shows that enhancer func
tion is separable from the precise region that controls the processing of 
viral transcripts (Carlberg et al., 1988; McNally et al., 1991) (see below). 
The enhancer in gag may playa role in insertional activation of onco
genes and possibly in the process that selects the 5' L TR for transcription 
initiation (Stoltzfus, 1988) (see below). 

LTRs of endogenous avian proviruses (ev-l and ev-2) are 10- to 100-
fold less active than exogenous virus L TRs in transient expression assays 
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(Cullen et al., 1983, 1985a; Norton and Coffin, 1987), and additional 
studies demonstrated that these L TRs lack enhancer activity when 
tested for activity on promoters from a cellular gene and a heterologous 
virus in transient expression assays (Cullen, 198 5b ; Weber and 
Schaffner, 1985). Proviral forms of ev-l and ev-2 are not expressed in 
vivo; however, these proviruses can be activated by treating cells with 
nucleotide analogues (Robinson, 1979; Conklin et al., 1982) (see 
Chapter 6). Also, molecular clones of the endogenous viruses are ex
pressed after transfection into tissue culture cells (Cullen et a1., 1983, 
1985a). To investigate the role of transcriptional control elements with 
respect to the regulation of endogenous virus gene expression, chimeric 
LTRs were constructed by replacing the native U3 domain of the RSV 
LTR with U 3 regions from the endogenous viruses. Although the endog
enous virus U3 regions lacked detectable enhancer activity in the natu
ral context, these elements behaved as strong enhancers in the chimeric 
LTRs containing promoter elements from RSV (Conklin et a1., 1991). In 
addition, enhancer function in the U3 regions of the endpgenous viruses 
was not dependent on orientation in these chimeric LTRs (Conklin et 
al., 1991). Presumably, both the arrangement of modules that compose 
an enhancer and the precise sequences proximal to the enhancer are 
critical for activity. 

The MuL V system is an example of a retroviral LTR with a complex 
enhancer structure (Speck and Baltimore, 1987; Majors, 1990). Two tan
dem direct repeats (75 bp) that have enhancer function are located about 
150 bp upstream from the TATA box in the U3 domain (Levinson et al., 
1982; Laimins et a1., 1984b) (Fig. 12). Positive selection may account for 
the presence of duplicated enhancers in MuLV and several other retrovi
ruses; a MuL V derivative with one enhancer replicates less well than 
wild-type virus and has a longer latency period for leukemogenesis in 
mice (Li et a1., 1987; also see Hanecak et a1., 1986). Assays utilizing the 
gel retardation method have detected binding sites (i.e., core elements) 
for at least six host-cell factors in the direct repeats (Fig. 12) (Speck and 
Baltimore, 1987; Speck et a1., 1990b; Boral et al., 1989; Thornell et al., 
1988a, 1988b, 1991). Several proteins that bind the core site in the 
MoMuL V enhancer have been purified by core-oligonucleotide affinity 
chromatography from calf thymus extracts. These proteins, designated 
core-binding factors (CBFs), recognize enhancers of both viral and cellu
lar genes that are specifically transcribed in lymphocytes (Wang and 
Speck, 1992). Additional investigations are required to determine 
whether the multiple polypeptides in affinity-purified preparations of 
CBFs represent a family of transcription factors, products of differential 
splicing of a single gene, or proteolytic cleavage of a single CBF. Two 
additional proteins distinct from CBF that bind to the MoMuL V core 
enhancer are the CAAT/enhancer-binding protein (C/EBP) and acti-
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vating protein 3 (AP-3) (P. F. Johnson et al., 1987; Mercurio and 
Karin, 1989). 

The number of binding sites that are occupied within the enhancer 
at anyone time remains to be determined. Possibly, these binding pro
teins also interact with each other to regulate transcriptional activity of 
the L TR. One or more of these factors appears to be specific for certain 
lymphoid cell types, and a glucocorticoid response element within the 
enhancer confers conditional regulation (see below) (Celander and Ha
seltine, 1987; Speck and Baltimore, 1987; Speck et al., 1990b). Accord
ingly, cell-specific factors that bind core elements in the MuL V enhancer 
may be a critical determinant of tissue specificity and pathogenicity in 
infected animals (see below). 

Retroviral enhancers are positive regulators of viral transcription in 
infected cells (Maniatis et al., 1987; Atchison, 1988). Accordingly, these 
enhancers may have the potential to regulate viral expression when inte
gration occurs in areas of the cell genome that are not transcriptionally 
active (see Section on V integration above). However, several studies 
show that retroviruses integrate into regions of the cell genome that 
appear to be transcriptionally active (Vijaya et al., 1986; Rohdewohld et 
al., 1987; Scherdin et al., 1990; Mooslehner et al., 1990). Proviruses with 
mutations in enhancers are poorly expressed relative to wild-type pro
viruses (Majors, 1990). Therefore, integration into (apparent) transcrip
tionally active regions of host chromatin does not compensate for atten
uated transcription in viral genomes with enhancer mutations. 

E. Biological Properties Controlled by Retroviral Enhancers 

Regulatory effects of the viral transcriptional enhancer underlie a 
mechanism of neoplasia induced by nonacute retroviruses that do not 
encode oncogenes. Seminal studies in ALV-induced B-Iymphomas re
vealed that in some tumors, the provirus was located near the c-myc 
proto-oncogene but upstream and in the opposite transcriptional orien
tation relative to the c-myc promoter (Hayward et al., 1981; Payne et al., 
1981). In these tumors, levels of c-myc RNA from its native promoter 
are increased (i.e., activated) by the transcriptional function of the en
hancer in the adjacent provirus. In addition, a provirus inserted down
stream from a proto-oncogene may also cause overexpression of the 
proto-oncogene promoter. RA V-O is an endogenous avian retrovirus 
that contains an L TR lacking enhancer activity; accordingly, absence of 
an enhancer may account for the nonpathogenic nature of RAV-O infec
tions (Luciw et al., 1983; Weber and Schaffner, 1985; see also Brown et 
al., 1987). Several studies on other avian retroviral systems as well as in 
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several mammalian retroviral systems (e.g., MMTV, MuLV, FeLV) have 
provided additional examples of enhancer activation of proto
oncogenes (see Chapters 6 and 7) (Kung and Vogt, 1991). (In addition to 
promoter insertion and enhancer activation, proto-oncogenes may be 
activated by either the leader-insertion or the poly-A-insertion mecha
nism see (Kung et a1., 1991) (Chapter 6). 

Transcriptional enhancers of several retroviruses function in spe
cific cell types (LoSardo et a1., 1989 j Spiro et a1., 1988) [reviewed in 
Majors (1990) and in Tsichlis and Lazo (1991 )]. Accordingly, the en
hancer in the L TR controls the pattern of tumor induction (Fan, 1990 j 

Coffin, 1990a) and influences the neuropathic potential of MuL V (Des
Groseillers et a1., 1985). This conclusion has been validated through 
direct analysis of LTRs in transient expression assays together with stud
ies of both site-specific viral mutants and recombinant viruses (con
structed from parental viruses with distinct phenotypes). The most ex
tensive investigations on the biological role of enhancers have been 
performed on several distinct MuLV strains, including T-lymphoma
genic MoMuLV, erythroleukemogenic Friend-MuLV (F-MuLV), non
leukemogenic Akv, and T-Iymphomagenic viruses derived from Akv, 
SL3-3, Gross passage A, and recombinant mink cell focus-forming vi
ruses (MCFs) (Chatis et a1., 1983 j Celander and Haseltine, 1984 j Des
Groseillers and Jolicoeur, 1984 j Lenz et a1., 1984 j Short et a1., 1987 j Li et 
a1., 1987 j Ishimoto et a1., 1987 j Holland et a1., 1989 j Fan, 1990 j Majors, 
1990) (see Chapter 7). 

Two examples from the MuL V system are selected to illustrate the 
role of the transcriptional enhancer in the L TR with respect to replica
tion in animals and disease specificity. In inoculated mice, MoMuL V 
causes T-lymphoblastic lymphomas, whereas F-MuLV induces erythro
leukemias (Fan, 1990). Tumor induction involves the activation of spe
cific proto-oncogenes by each virus in the target tissue. In tissue culture 
systems, MoMuLV replicates more efficiently in T-lymphoid cells, 
whereas erythroid cells preferentially support F-MuLV replication. Re
sults of transient expression assays reveal that the M-MuLV and F
MuLV enhancers function efficiently in T-Iymphoid cells and erythroid 
cells, respectively (Bosze et a1., 1986 j Cone et a1., 1987). To focus on the 
enhancer in the L TR, recombinant viruses were constructed by exchang
ing small blocks of sequences (i.e., core elements) within the enhancers 
of both viruses (Golemis et a1., 1989 j Fan, 1990). The pattern of tumor 
induction (i.e., leukemias versus erythroid tumors) mapped to the en
hancers, however, disease specificity was not controlled by a single core 
element. In another study, MoMuL V strains with site-specific muta
tions in either of two elements within the enhancer (i.e., CjEBP and LVb) 
induced erythroleukemias in mice (Fig. 12) (Speck et a1., 1990a). Thus, 
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these findings demonstrate that both individual core elements as well as 
interactions among core elements contribute to tumor specificity (Hol
lon and Yoshimura, 1989). 

The precise context of the enhancer in a transcriptional unit may 
affect function. In the MuL V system, the importance of L TR sequences 
outside the enhancers is exemplified by studies on a mutant of M -MuL V 
which lacks a 23-bp GC-rich region flanking the enhancer (Fig. 12) 
(Hanecak et al., 1991). Mice infected with the deletion mutant virus 
show a longer latency period for disease and a wider repertoire of hema
tologic tumor types (e.g., acute myeloid leukemia, erythroleukemia, and 
B-cell lymphoma as well as lymphoblastic lymphoma typical of wild 
type M-MuLV). With respect to transcription mechanisms to account 
for the altered tissue specificity, the deletion may have altered critical 
spatial arrangements of binding sites for promoter elements and the 
enhancer region or, alternatively, a novel tissue-specific enhancer may 
have been generated at the junction of the ends of the deletion. Direct 
binding studies on the mutant L TR are required to determine altered 
interactions of known transcriptional factors and to identify putative 
new recognition sites. 

The function of retroviral transcriptional enhancers with respect to 
development has been studied in murine embryonal carcinoma (EC) and 
embryonal stem (ES) cells maintained in culture. Undifferentiated EC 
and ES cells do not support MuL V replication, whereas these cells be
come permissive for MuL V infection after treatment with an agent that 
induces differentiation (Gorman et aL 1985; Teich et aL 1977; Speers et 
al., 1980; also see Taketo et al., 1985). Sequences in the MuLV 5' un
translated region near the tRNA primer-binding site appear to inhibit 
expression in undifferentiated EC cells; however, the L TR also plays a 
major role in regulating transcription in this system (Barklis et al., 1986; 
Loh et al., 1987, 1988; Weiher et al., 1987). The differentiation process 
is accompanied by changes in levels and/or activities of cellular tran
scriptional factors (Tsukiyama et al., 1989), and transient expression 
assays revealed that the enhancers in the L TR are not active in undiffer
entiated EC cells but acquire activity after differentiation (Linney et al., 
1984; Feuer et al., 1989; Loh et al., 1987). MuLV mutants have been 
selected for expression in EC and ES cells (Franz et aL 1986; Akgun et 
al., 1991; Grez et al., 1990; Hilberg et al., 1987). A single point mutation 
in the enhancer activates the L TR in ES cells; this point mutation creates 
a recognition site for the murine equivalent of the basic cellular tran
scription factor SPI (Grez et al., 1991). Additional studies with chimeric 
MuLV LTR containing heterologous enhancers (viral and cellular) also 
support the conclusion that the MuLV enhancers, together with the 
leader, are targets of regulatory factors in EC cells (Feuer et al., 1989; 
Taketo and Tanaka, 1987). 
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The role of the retroviral enhancer for controlling tissue-specific 
expression has also been investigated by replacing the viral enhancer 
with regulatory elements from a cellular gene. The mouse transthyretin 
gene contains an upstream-distal enhancer and a promoter-proximal re
gion that control expression of the gene in liver and brain (Costa et al., 
1986). Wild-type MuLV (MoMuLV strain) is normally not efficiently 
expressed in these organs in infected mice. A chimeric MuL V L TR was 
constructed by replacing the native enhancers with a DNA fragment 
(approximately 200 bp in length) that contains both of the transthyretin 
regulatory elements (Feuer and Fan, 1991). A cloned viral genome with 
chimeric L TRs was infectious in tissue culture cells and in mice. In situ 
hybridization analysis of mouse organs demonstrated that the chimeric 
virus was expressed in liver and brain as well as in tissues that support 
replication of wild-type MoMuLV. These and other experiments with 
genetically engineered MuLVs (containing chimeric LTRs constructed 
with regulatory elements from heterologous viruses such as SV 40 or 
polyoma virus) also point to the critical role of enhancer elements in 
tissue-specific transcription (Hanecak et al., 1988; Fan et al., 1988). Po
tentially, retroviral vectors can be targeted for expression in specific cell 
types in animals by substituting the viral enhancers with regulatory com
ponents from cellular genes or heterologous viruses (see below). 

F. Conditional Regulation by the L TR 

LTRs of several MuLV strains (e.g., the T-Iymphomagenic SL3-3 
virus) are responsive to glucocorticoid hormones. The viral enhancers 
contain the conserved glucocorticoid-responsive element (GRE); how
ever, a precise role for the glucocorticoid receptor in the induction pro
cess has not been established (Fig. 12) (DeFranco and Yamamoto, 1986; 
Celander and Haseltine, 1987; Celander et al., 1988). A nuclear factor 
specific to T-cells has been shown to interact with the GREs in the retro
viral enhancer, and the predicted amino acid sequence of a molecular 
clone reveals that this protein is member of the helix-loop-helix tran
scriptional activator family of mammalian DNA-binding proteins (Cor
neliussen et al., 1991). 

MMTV is a murine retrovirus (unrelated to MuL V) that causes pri
marily mammary carcinomas, and, infrequently, T-Iymphomas and 
renal tumors are also observed in MMTV-infected mice (Teich et al., 
1982; Morris, 1991) (see Chapter 7). Steroid hormones, including gluco
corticoids and progesterone, regulate transcription directed by the viral 
LTR. A hormone-responsive element (HRE) was identified by analysis 
of LTR deletions and chimeric heterologous promoters in transient ex
pression assays in tissue culture cells (Majors and Varmus, 1983; 
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Chandler et al., 1983; Hynes et al., 1983; Onts et al., 1985; Majors, 1990, 
and references therein). These experiments, together with DNase foot
printing analysis, revealed multiple binding sites for the glucocorticoid 
receptor and the progesterone receptor proteins in the U3 domain of the 
LTR (Payvar et al., 1983). The core recognition sequence (TGTTCT) for 
both receptors is present four times (at -175, -119, -98, and -83) up
stream from the TAT A box, and a site for the cellular transcriptional 
factor NF-l (an inverted repeat of two TGGA motifs) is located between 
-75 and -64 (Miksicek et al., 1987; Buetti and Kuhnel, 1986; Majors, 
1990 and references therein). 

Even though the sequence TGTTCT is the major recognition motif 
for both the glucocorticoid and progesterone receptors in the MMTV 
L TR, detailed binding studies and functional assessments in transient 
expression assays revealed some differences between these two hor
mones (Cato et ai., 1988; Chalepakis et al., 1988). Precise recognition 
patterns of the receptors for sequences in the L TR were analyzed by 
DNase I footprinting and methylation protection methods. Although 
both receptors interact with the TGTTCT motif, differences in binding 
patterns were noted within the region (between -130 and -100) that 
encompasses these elements. LTRs with site-specific mutations in the 
HREs were constructed and evaluated for responsiveness to each hor
mone in cells in transient expression assays. Differences were observed 
with respect to the requirement of individual HREs for induction by 
either glucocorticoid or progesterone. 

The gene for the glucorticoid receptor from several mammalian spe
cies has been molecularly cloned and sequenced (Evans, 1988; Beato, 
1989, and references therein). Structure-function studies show that the 
N-terminal portion is an activation domain, the central portion has a 
zinc-finger motif (i.e., DNA-binding domain), and the C-terminal por
tion is the ligand-binding domain. Both the DNA-binding function and 
the transcriptional regulatory function are regulated directly by hor
mone. In cells treated with hormone, the surface glucocorticoid receptor 
binds the hormone and the complex translocates to the nucleus. Subse
quently, regions of cellular chromatin near the glucocorticoid response 
elements (GREs) become DNase I hypersensitive. These exposed regions 
are more accessible to cellular transcription factors, and thus initiation 
by RNA polymerase II is activated from promoters containing a GRE(s) 
(Evans, 1988; Beato, 1989). 

This scenario for hormone regulation of the MMTV L TR has been 
validated by additional investigations in cells and in in vitro systems. 
These studies have also provided insight on the effects of nucleosome 
structure on modulating retroviral transcription (Grunstein, 1990). Mu
tational analysis of the L TR reveals that the cellular transcription factor 
NF-l (as well as TBP) is required for efficient transcription of the viral 



MECHANISMS OF RETROVIRUS REPLICATION 227 

promoter after hormone induction in cells (Buetti and Kuhnel, 1986; 
Miksicek et a1., 1987). Ternary complexes between the glucocorticoid 
receptor and NF-1 on DNA have not been detected in hormone-treated 
cells (Cordingly et al., 1987). In vitro, purified glucocorticoid receptor 
and NF-1 individually bind DNA containing the respective target se
quences; however, cooperative or synergistic binding of these two pro
teins to their targets is not observed (Pina et a1., 1990). Thus, these in 
vitro binding systems with naked DNA do not reproduce the effects of 
hormone induction in cells. 

To investigate the role of chromatin structure on hormone regula
tion of the MMTV L TR, minichromosomes were made in vitro by re
constituting nucleosomes with purified histone octamers and a DNA 
fragment encompassing the viral promoter (Perlmann and Wrange, 
1988; Pine et a1., 1990). These minichromosomes have a nucleosome
like structure covering the four GREs and single NF-1 site; thus, the 
sequence between -202 and -30 in the LTR contains the information 
for precisely positioning the histone octamer (Pina et al., 1990). This 
phased nucleosome pattern observed in vitro mimics the pattern found 
in vivo by analysis of hypersensitive sites with DNase I (Perlmann and 
Wrange, 1988; Pina et al., 1990). In the proposed model, glucocorticoid 
receptors first bind the exposed GREs in LTR sequences in fully pack
aged chromatin. The regulatory nucleosome is destabilized by this inter
action so that the two hidden GREs and the NF-1 site are made accessi
ble. Subsequently, all the appropriate components of the transcriptional 
apparatus enter and activate initiation of viral RNA synthesis from the 
promoter. In this model, the histone octamer functions as a repressor to 
mediate negative control of transcription. Thus, nucleosome position
ing is a mechanism of viral gene regulation in addition to mechanisms 
involving protein~protein interactions between transcriptional factors 
and components of the multisubunit RNA polymerase II complex 
(Ptashne and Gann, 1990; Lewin, 1990). 

The role of the conditional enhancer in the MMTV L TR has been 
investigated with respect to tissue-specific expression and oncogenesis 
in mice (Nusse, 1991; Majors, 1990, and references therein). Virus repli
cates primarily in mammary and salivary glands of females as well as in 
accessory genital glands and salivary glands of males. Studies in trans
genic mouse systems have validated the notion that the L TR regulates 
tissue-specific transcription. Analysis of mice with trans genes contain
ing the LTR linked to either c-myc or v-Ha-ras revealed that the tissue 
pattern of LTR-directed expression resembled that of viral replication in 
normal mice (R. A. Stewart et a1., 1988; Sinn et a1., 1987). MMTV tumor 
induction involves an enhancer-activation mechanism that, in principle, 
is similar to the ALV and MuL V tumor systems described above (Nusse 
et a1., 1984; Dickson et al., 1985) (see Chapter 7). Analysis of integrated 
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proviruses in mammary carcinomas reveals that the MMTV generally 
inserts near the cellular genes wnt-l and wnt-2, although proviruses are 
sometimes found at other regions of the cell genome (Nusse, 1991; 
Morris, 1991). Several patterns of proviral insertion relative to the wnt-l 
locus have been described for different mammary carcinomas. A pro
virus may be upstream from wnt-l and in the opposite transcriptional 
orientation. In some instances, the provirus is downstream from wnt-l 
and in the same transcriptional orientation. In the rare thymic lympho
mas and renal carcinomas associated with MMTV, integrated provi
ruses have rearranged LTRs; however, the mammary-specific enhancer 
is intact (Majors, 1990, and references therein). Further studies are re
quired to elucidate the mechanism(s) of oncogenesis in these infrequent 
MMTV tumors. 

C. Capping and Methylation of Retroviral RNA 

The 5' ends of newly synthesized viral transcripts are capped and 
methylated by host-cell enzymes (Banerjee, 1980; Stoltzfus, 1988). Both 
full-length and sub genomic retroviral RNAs have a cap structure which 
is 7 -methylguanosine in a 5'-5' linkage via a triphosphate to a second 
2'-O-methylated nucleotide (Furuichi et al., 1975; Keith and Fraenkel
Conrat, 1975). This structure is designated m 7Gs'pppsNmpMp (N and 
M are the first and second nUcleotides encoded by the virus) or, more 
simply, 7mG. 

Methylation of internal A bases has been reported for the ASL V 
genome (Furuichi et ai., 1975; Beemon and Keith, 1977). Approximately 
10-15 N 6-methyladenosine residues (m6 A) are found in the 3' half of 
virion RNA and clustering of methylated sites is noted (Kane and Bee
mon, 1985). These modifications take place in the nucleus and may 
occur before splicing (Chen-Kiang et al., 1979). Analysis of modification 
patterns reveals that Pum6 ACU is a consensus sequence, and the prefer
ence for Pu is G. Although this site is found many times in the ASLV 
genome, only a portion of the potential methylation sites are modified 
(Dimock and Stoltzfus, 1977; Kane and Beemon, 1985). In addition, 
certain sites are methylated in some viral RNA molecules and not in 
others. Factors that influence the distribution of m6 A residues and the 
stoichiometry of modification are not known; however, the secondary 
structure of the viral transcript may control the accessibility of certain 
sites to cellular methylases. A low level of m6 A modification has also 
been detected in cellular messages and in transcripts of other viruses 
(e.g., SV40, adenovirus) (Kane and Beemon, 1985, and references 
therein). A role for m6 A residues in splicing has been proposed on the 
basis of experiments involving methylation inhibitors in ASL V-infected 
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tissue culture cells; however, additional studies are required to substan
tiate this notion (Stoltzfus, 1988). 

H. Processing of Viral RNA by Splicing 

The 5' LTR initiates the synthesis of the full-length viral transcript 
that enters one of three pathways: (i) genomic RNA for packaging into 
virions, (ii) messenger RNA for translation into gag-encoded polypro
teins, and (iii) precursor for subgenomic viral transcripts (Fig. 1) (Var
mus and Swanstrom, 1982, 1985; Stoltzfus, 1988). These subgenomic 
messages are made by splicing a leader sequence from the 5' end of viral 
RNA to an acceptor sequence within the viral genome; thus, all spliced 
viral messages utilize a common splice donor and share 5' and 3' ends 
(Fig. 13). The env gene of all retroviruses is expressed from a spliced 
transcript (Fig. 13). For MuLV and MMTV, the splice donor is between 
the 5' L TR and the start of gag; and the splice acceptor is immediately 
upstream from the initiation codon for the env gene. In contrast, in the 
ASL V system, the spliced leader contains the first six codons of gag, 
which are then attached to the 5' end of the env gene; thus, the ASLV env 
gene product is a fusion protein which contains six amino acids encoded 
by a sequence spliced from the beginning of the gag gene (Hunter et a1., 
1983). Several strategies have been evolved by retroviruses with simple 
genomes to control the relative levels of unspliced viral transcripts re
quired for virion assembly and subgenomic mRNA required for protein 
synthesis (e.g., env and src of ASLV and orf of MMTV). 

Splice donor and acceptor sites, the branchpoint sequence, and se
quences within the flanking exons are cis-acting elements which control 
the selection of splice sites as well as the efficiency of splicing (Stoltzfus, 
1988; Kranier and Maniatis, 1988). Splice signals in retroviral RNA gen
erally conform to those described for many eukaryotic genes and genes 
of eukaryotic DNA viruses which contain introns (Sharp, 1987). Several 
observations in both the ASL V and MuL V systems support the notion 
that cellular factors act on the viral precursor transcript in the nucleus to 
carry out the functions of splicing. For instance, in the ASL V system, the 
proportion of full-length viral RNA (i.e., precursor transcript and geno
mic RNA) to env mRNA is about 2: 1 in productively infected avian 
cells. However, in nonpermissive mammalian cells harboring ASL V, the 
predominant viral mRNA is the subgenomic message for src; genomic 
and env transcripts are present in very low amounts (Quintrell et a1., 
1980). In addition, env mRNA is spliced aberrantly in mammalian cells 
(Berberich et a1., 1990). 

Mutagenesis studies have shown that alterations in the ASL V ge
nome affect the ratio of spliced to unspliced transcripts. A sequence 



230 PAUL A. LUCIW AND NANCY J. LEUNG 

ASLV 

cap site (+1) 

.-:.: .:.~::.:.:::;::.:-:.:.:.: . .J:=gll=g-=prt=F1 ==PO=/::::::j==env==*I=src~1 []I: .. , -::.:' :"':Proviral DNA 

LTR 

.... ... ~. ,,' 

MuLV 

cap site (+1) 

I Transcription by cei~ + RNA polymerase D . 

~
recursor transcript 

D-AAA genomic virion RNA I gllg-prt-pol message + Splicing 

SAe 
.... .1 -------.,D-AAA env message 

.,., .... ,. 

SAs 
... " .L......[}AAA src message 

r+ gAg prt-pol env 
":::"~::.'::".'.':'. ::.': .. :.::.':r::IF=*=:::::::t:=======t=::::::;c:Il.:::.c::-:::::::Proviral DNA 

L TR I Transcription by :ular 

i + RNA polymerase D -
--.IT'recursor transcnpt 

~l I [JAAA -U:;_~~~~A + Splicing 

SD SAe 

~, ",,,~AAA env message 
' .... ~ ...... ~ ..... ~"""~~~ ... "" 

FIGURE 13. Synthesis of full-length and spliced (i.e., subgenomic) retroviral RNA. Inte
grated proviruses that serve as templates for viral RNA synthesis in the nuclei of infected 
cells are shown for ASLV and MuLV. The boxes at each end represent LTRs composed of 
the U3, R, and US domains. Transcription mediated by cellular RNA polymerase II initi
ates in the 5' LTR (designated by an arrow), and a sequence in the 3' LTR is the signal for 
addition of poly-A tails by a cellular transferase (Fig. 12). The full-length transcript serves 
as the precursor for subgenomic viral transcripts, genomic virion RNA, and message for 
gag-prt-pol. Leader regions (L) for both viruses are drawn as heavy lines. The splice donor 
(SD) for subgenomic ASL V messages is within the gag gene; consequently, attachment of L 
to the splice acceptor for env (SAe) yields a message in which the translation initiation 
codon and the first six amino acids of gag specify the N-terminus of the env polyprotein. 
The same L is attached to the splice acceptor for src (SAs). The src gene contains an 
initiation codon downstream from SAs; consequently, the sub genomic message for src is 
bicistronic. In the MuL V system, the SD in L is upstream from the gag initiation codon. 
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about 300 bases long within the gag gene (positions 707-1006) func
tions as a negative regulator of splicing (NRS) (Arrigo et al., 1987; Stoltz
fus and Fogarty, 1989). Accordingly, removal of this NRS from the na
tive setting within the env and src introns results in an increase of 
spliced to unspliced RNA. In addition, this element inhibits splicing 
only in the sense orientation; inhibition is observed when the NRS is 
inserted into heterologous introns in both avian and mammalian cells 
(McN ally et al., 1991). Highest levels of inhibitory activity are observed 
when the NRS is positioned in the intron near the 5' splice site. Intrigu
ingly, the transcriptional enhancer element within the ASL V gag gene 
partly overlaps the NRS, although mutation analysis has demonstrated 
that the enhancer and NRS are distinct (Arrigo and Beemon, 1988; Kar
nitz et al., 1987; McNally et al., 1991) (see above). A computer-predicted 
secondary structure model for the NRS has been proposed; however, 
further mutational analysis is required to determine whether splicing is 
inhibited by the intrinsic secondary structure of the NRS or whether 
sequences within the NRS anneal to and sequester splice site Sequences. 

Additional investigations on ASL V splicing have focused on the role 
of sequences near the splice acceptors for env and src. Insertion of a 
synthetic oligonucleotide upstream from the env 3' splice site increases 
levels of spliced env transcript due to utilization of a new branchpoint 
for splicing (Katz et al., 1988; Fu et al., 1991). Pseudorevertant viruses 
have mutations either in the inserted sequence or in the env exon down
stream from the env splice acceptor site; thus, the wild-type AS LV splice 
acceptor appears to be suboptimal and sequences that influence splicing 
are located within env. Wild-type ASL V RNA is spliced inefficiently in 
vitro, and mutations in the pseudorevertants have been shown to func
tion directly at the level of splicing (Fu et al., 1991). Mutagenesis studies 
and analysis of chimeric constructs in transient expression assays re
vealed that sequences upstream from the src 3' splice site inhibit the 
level of splicing at this site (Berberich and Stoltzfus, 1991; McNally and 
Beemon, 1992). This region (-71 to -185 relative to the src 3' splice site) 
exerts an inhibitory effect only in the sense orientation and in heterolo
gous contexts, although the inhibitory effect is stronger for the src ac
ceptor than for heterologous splice acceptors. Secondary structure analy
sis reveals that the inhibitory segment immediately upstream of src is 
complementary to sequences encompassing the src acceptor site; how
ever, the precise role of this predicted secondary structure feature in 
splicing remains to be defined (McNally and Beemon, 1992). In sum
mary, these investigations demonstrate that different mechanisms con
trol the underutilization of the env and src acceptor sites in ASL V. 

Examples from studies on MuL V also demonstrate that cis-acting 
sequences in the viral genome influence splicing. Analysis of MuL V 
genomes with deletion mutations revealed that efficient formation of 
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spliced env message requires a region located upstream from the 3' splice 
site and a second region located in the middle of the intron (Hwang et al., 
1984j Armentano et al., 1987). In addition, the presence of gag se
quences in an MuLV vector (designated N2) augmented expression of 
the spliced message for the cDNA gene for human adenosine deaminase 
(ADA) (Armentano et al., 1987). 

Taken together, these and other findings show that inherent fea
tures in retroviral RNA regulate the efficiency of splicing (Stoltzfus, 
1988 j Coffin, 1990a, and references therein). Retroviruses with simple 
genomes do not appear to encode proteins which govern ratios of un
spliced to spliced transcripts. Splicing controls provided by cis-acting 
sequences are essential to regulate relative levels of genomic viral RNA 
for encapsidation and sub genomic viral transcripts for protein synthe
sis. In contrast, retroviruses with complex genomes encode transactiva
tors (e.g., rex in HTL V -1 and rev in HIV -1) which control the balance of 
full-length transcripts to subgenomic RNA at the level of splicing and/ 
or transport (Greene and Cullen, 1990j Green and Chen, 1990). 

I. Addition of Poly-A Tails to the 3' End of Viral Transcripts 

Poly-A tails from 100 to 200 residues long are added to the 3' end of 
cellular and viral RNA molecules transcribed by the cellular RNA poly
merase II complex (Figs. 6 and 13)j this modification involves cellular 
functions and occurs in the nucleus (Manley, 1988 j Stoltzfus, 1988 j 

Proudfoot, 1991). The precise role of po1y-A tails in eukaryotic mRNA 
remains to be defined j potential functions involve transport from the 
nucleus to the cytoplasm, stability in the cytoplasm, and/or modulation 
of translation (Jackson and Standart, 1990 j Munroe and Jacobson, 1990 j 

Atwater, 1990). The LTR contains the hexanucleotide sequence 
AAUAAA which signals the addition of poly-A tails to viral transcripts, 
and a less conserved 3' GU or U-rich element 3' of the poly-A-addition 
site also plays a role in processing (Figs. 12 and 13) (Proudfoot, 1991). 
Addition of poly-A generally occurs about 20 bases downstream from 
the hexanucleotide signal element. Processing by polyadenylation ap
pears to be a prerequisite for the subsequent termination of transcrip
tion by RNA polymerase II (Proudfoot, 1989). 

In ASLV, 3'-terminal cleavage and addition of poly-A tails in re
sponse to the signal in the 3' L TR is not completely efficient, since a 
small proportion (about 15%) of viral transcripts initiated in the 5' LTR 
read through the 3' L TR and into flanking host-cell sequences (Herman 
and Coffin, 1986). Studies in genetically engineered mutations in the 
ASL V genome have revealed that two distinct ASLV sequences, one in 
the gag gene and another spanning the env splice acceptor site, facilitate 
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3'-end processing of viral transcripts (Miller and Stoltzfus, 1992). The 
significance of these long hybrid (i.e., viral-host) transcripts is not es
tablishedj these can be packaged into virions and may have played a role 
in the capture of oncogenes by retroviruses (Herman and Coffin, 1987 j 

Varmus and Brown, 1989). Discussed below are mechanisms that may 
account for preferential utilization of the poly-A signal in the 3' LTR 
rather than in the identical 5' L TR. 

J. Selection of an L TR for Initiation or Poly-A Addition 

Both LTRs in the provirus are identicalj however, during retroviral 
transcription, the 5' L TR has promoter activity and the addition of poly
A tails occurs at the 3' LTR (Figs. 12 and 13). Thus, initiation of viral 
RNA synthesis involves activation of the promoter in the 5' LTR and 
suppression of the (potential) promoter in the 3' LTR. Similarly, process
ing of 3' ends of viral transcripts by polyadenylation requires suppres
sion of the (potential) poly-A signal in the 5' LTR and activation of this 
signal in the 3' L TR (Imperiale and DeZazzo, 1991). 

Viral sequences downstream from the 5' L TR may play a role in 
transcription initiation. In ASLV, it is tenable that the enhancer element 
in the gag gene is critical for preferential utilization of the 5' L TR as a 
promoter. This notion is supported by the observation that the 3' L TR is 
activated in an integrated ASL V provirus after (natural) deletion of se
quences in the 5' portion of the provirus but with the 5' L TR left intact 
(Goodenow and Hayward, 1987). Consequently, a cellular gene (e.g., 
proto-oncogene) downstream of the integrated provirus may be acti
vated by transcription initiated in the 3' LTR (Kung et al., 1991). 

An alternative explanation for preferential promoter activity of the 
5' LTR is based on the interference (or occlusion) of one promoter by 
another promoter located immediately upstream (Cullen et al., 1984j 

Imperiale and DeZazzo, 1991). Accordingly, removal of the upstream 
promoter is predicted to relieve the block to initiation by the second 
promoter. In the ASLV system, the occlusion model is supported by 
studies in cells containing proviruses integrated upstream from a proto
oncogene (Payne et al., 1981 j Goodenow and Hayward, 1987). Removal 
of the 5' L TR leads to activation of the promoter in the 3' L TR j conse
quently, a hybrid message is produced which contains both viral (i.e., 
R-U5 sequences from the 3' LTR) and cellular (e.g., proto-oncogene) 
sequences. Additional support for the occlusion model is derived from 
experiments in which a poly-A processing signal is positioned between 
two promoters. In cells transfected with a plasmid containing two ASL V 
LTRs, the upstream LTR has greater activity than the downstream LTR 
(Cullen et ai., 1984). A derivative plasmid was constructed by cloning a 
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3' processing site between the two LTRs; analysis of transcripts in trans
fected cells revealed that the inhibition of the downstream promoter (3' 
LTR) by the upstream promoter (5' LTR) is alleviated. 

Specific mechanisms must also be utilized to either suppress the 
poly-A signal (AAUAAA) in the 5' LTR or activate it in the 3' LTR (Figs. 
12 and 13). In the case of ASLV, this regulatory problem has been ob
viated because the poly-A signal is located in the U3 domain of the LTR, 
upstream from the initiation site. Thus, the signal AAUAAA appears 
only once, at the 3' end of ASLV transcripts (Fig. 12). For most other 
retroviruses, the poly-A signal is downstream from the initiation site for 
transcription (e.g., cap site); accordingly, viral transcripts contain the 
signal AAUAAA at each end (Figs. 12 and 13). For these viruses, cis-act
ing sequences in the U3 portion of the 3' LTR (i.e., upstream from R) 
may be required for efficient addition of poly-A tails. Several studies 
primarily in the REV and HIV-l systems have demonstrated the impor
tance of U3 sequences in processing of 3' ends of viral transcripts 
(Dougherty and Temin, 1987; Brown et al., 1991; Valsamakis et a1., 
1991); however, a clear picture has not yet emerged as to whether spe
cific sequences and structural features as well as position in U3 influ
ence the poly-A addition process (Imperiale and DeZazzo, 1991). 

Alternatively, the poly-A site may be occluded if positioned near an 
active promoter (i.e., 5' LTR). Experimental support for this latter 
model, also designated the promoter proximity model, has been ob
tained in the REV and HIV-l systems (Iwasaki and Temin, 1990a, b; 
Weichs an der Glon, et al., 1991). Polyadenylation was increased if the 
target viral poly-A site was positioned at increasing distances from the 
active promoter. On a mechanistic level, cellular factors required for 
poly-A processing may not be able to compete with the transcription 
complex if the poly-A site is close to the initiation site. In summary, it is 
tenable that both upstream sequences (in U3) and promoter proximity 
may influence the selection and use of the retroviral poly-A site (Imper
iale and DeZazzo, 1991, and references therein). The relative contribu
tion of each mechanism may depend on the retrovirus and may vary 
with cell type and physiological conditions. 

VII. TRANSLATION AND PROCESSING OF VIRAL 
PROTEINS 

A. Overview and Significance of Retroviral Protein Synthesis 

In a productively infected cell, retroviral protein synthesis accounts 
for a small proportion (generally less than 1 %) of total cell protein syn
thesis (Dickson et al., 1982). Translation of retroviral proteins takes 
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place on cytoplasmic polysomes and is regulated by the host-cell transla
tional apparatus. Retroviruses do not encode either tRNA molecules or 
protein factors which modify the host-cell translation system. The 
full-length viral transcript is translated on free ribosomes into gag
containing polyproteins, and a spliced subgenomic mRNA is translated 
on membrane-bound ribosomes into env polyprotein. Although the syn
thesis of the gag, prt, and pol polyproteins is initiated at one start codon 
at the beginning of the gag open reading frame, retroviruses have unique 
translational mechanisms to regulate the levels of each of these polypro
teins (Vogt et a1., 1975 j Eisenman and Vogt, 1978 j Dickson et a1., 1982). 
Mechanisms that control retroviral polyprotein synthesis are suppres
sion of a stop codon and frameshifting at the ribosomal level (Jacks, 
1990). Translational frameshifting is also a feature of avian coronavirus 
and several retrotransposons (e.g., Ty elements in Saccharomyces) 
(Brierly et a1., 1987, 1989j Clare and Farabaugh, 1985 j Clare et a1., 1988 j 

Mellor et a1., 1985) [reviewed by Atkins et a1. (1990)1. Posttranslational 
processing of gag-containing polyproteins is mediated by the viral
coded PR, and these cleavages are tightly coordinated with virion assem
bly (Oroszlan and Luftig, 1990). Extensive biochemical, genetic, and 
structural studies have been used to establish a structural model for 
retroviral PRo Accordingly, this viral-specific enzyme is a target for the 
design and development of antiviral inhibitors. The retroviral env poly
protein is processed by specific proteolytic cleavages and modified by 
glycosylation (Hunter and Swanstrom, 1990). These processing events 
appear to conform to mechanisms that regulate the production of cell 
surface glycoproteins as well as the glycoproteins of other enveloped 
viruses. Insertion of env glycoprotein into the cell plasma membrane 
may lead to important changes in surface recognition properties of the 
infected cell. Thus, synthesis of viral polyproteins is mediated by host
cell polysomes, although novel translational mechanisms are utilized, 
and posttranslational processing events involve both viral-coded (i.e., 
PRJ and cell functions (e.g., glycosylation). 

B. Multicistronic mRNAs for Viral Proteins 

A multicistronic (or polycistronic) mRNA specifies more than one 
translation product by using independent initiation and termination co
dons for protein synthesis (Samuel, 1989). In the mRNA that encodes 
ASLV gag (i.e., full-length viral transcript), three short translation 
frames precede the actual AUG codon that initiates the gag polyprotein 
(AGCAUGG) (Swanstrom et a1., 1982j Schwartz et a1., 1983). These 
translation frames start with an AUG codon, and a termination codon is 
located at the end of each frame. The sequence at the beginning of the 
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gag gene is the first start codon in the ASL V transcript to lie in a nucleo
tide context that is preferred for initiation (i.e., gccA/GccAUGGJ (Ko
zak, 1991J. Protein is synthesized from one of these short translation 
frames; consequently, the message for ASLV gag is bicistronic (Hackett 
et al., 1986J. The scanning hypothesis holds that a ribosomal initiation 
complex formed at the 5' end of mRNA must migrate along the non
translated region to the initiating AUG (Kozak, 1991J. However, 
ribosomes can reinitiate translation at a second AUG codon after pre
viously initiating, and subsequently terminating, at an upstream site 
(Samuel, 1989J. 

Sub genomic mRNAs for ASL V env and SIC are also multicistronic. 
The mRNA for ASLV env has the 5' leader region containing the three 
short translation frames upstream from gag; in addition, the spliced 
leader on env mRNA attaches the first six codons of gag in-frame to the 
env gene (Hackett et al., 1982; Schwartz et al., 1983J. Thus, the ASLV 
env gene product is a fusion protein with six amino acids at the N
terminus encoded by a sequence spliced from the beginning of the gag, 
gene (Ficht et al., 1984J. The mRNA for ASLV SIC has the same 5' leader 
as env mRNA; thus, the splicing process produces a transcript that con
tains the three short translation frames upstream from gag, and the gag 
AUG codon is positioned 90 bases upstream from the AUG codon that 
initiates translation of SIC protein (ACCAUGGJ (Swanstrom et al., 
1982; Takeya and Hanafusa, 1983; Schwartz et al., 1983J. The first four 
AUG co dons in SIC mRNA are each followed by an in-frame termination 
triplet. Accordingly, initiation at the SIC start codon (fifth AUG in SIC 

mRNA) can occur because terminators for the other translation frames 
are located upstream (Hughes et al., 1984; Samuel, 1989J. ASLV is not a 
unique retrovirus with respect to translation mechanisms involving 
multicistronic mRNA; HIV also specifies multicistronic transcripts 
(Schwartz et al., 1992J. 

C. Synthesis of gag Gene Products 

Polyproteins derived from the gag gene range in size from ca. 60 to 
80 kDa, depending on the retrovirus (Figs. 2 and 14J (Wills and Craven, 
1991J. The message for gag is the full-length viral transcript which is 
also the monomeric form of virion RNA. Generally, the first AUG en
countered in viral RNA is the gag start codon (Kozak, 1991 J. An excep
tion is ASLV, which has three short translation frames preceding the 
initiation codon for gag (see aboveJ (Schwartz et al., 1983; Hackett, 
1986J. In the ASLV system, gag and pIt sequences are in the same trans
lation frame; accordingly, PR is derived from the C-terminus of the 
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ASLV gag polyprotein (Fig. 2). In contrast, the gag translation frame of 
other retroviruses does not include prt (Fig. 2). 

Synthesis of MuL V gag from the full-length viral transcript involves 
two pathways. In the major pathway, translation of gag initiates at the 
first AUG codon (AAUAUGG) in a favorable translation context (gccAj 
GccAUGG) to produce a 65-kDa polyprotein (Pr65gag) that is subse
quently assembled into virions and proteolytically processed during 
particle morphogenesis to produce mature core proteins (Shinnick et al., 
1981; Kozak, 1991). In the second pathway, a CUG triplet upstream 
from the gag start codon and in-frame with the gag translation frame is 
recognized as an initiation codon for protein synthesis. The CUG codon 
is in a favorable context for translational initiation (ACCCUGG) and 
directs the synthesis of a gag polyprotein that has an N-terminal hydro
phobic leader peptide (Edwards and Fan, 1979; Prats et al., 1989; Mehdi 
et al., 1990). This form of the MuL V gag polyprotein is glycosylated to 
produce an 85-kDa glycoprotein (gp85gag) that is inserted into the cell 
plasma membrane (Pillemer et al., 1986). Subsequently, gp85gag is 
cleaved into two glycoproteins, with molecular weights of 55 and 40 
kDa; these are released into the cell culture medium. The glycosylated 
form of gag accounts for about 5-10% of total gag protein in an infected 
cell and is not incorporated into virions (Henderson et al., 1983). Mu
tants in MuL V that specifically abrogate synthesis of gp85gag are in
fectious in tissue culture cells but show delayed replication kinetics 
relative to wild-type virus (Fan et al., 1983; Prats et al., 1989; also see 
Schwartzberg et al., 1983). A glycosylated form of gag polyprotein has 
been demonstrated on the surface of HIV-1-infected cells; however, the 
significance of this modification of gag is not known (Shang et al., 1991). 
A role for secreted forms of glycosylated gag protein in MuL V (and 
HIV -1) has not yet been determined. 

A common feature of all retroviruses is that the N-terminus of MA, 
the first domain in the gag polyprotein, is modified (Fig. 14). In the 
ASLV system, the methionine specified by the initiation codon is acyl
ated by a host-cell enzyme (Palmiter et al., 1978). In gag polyproteins of 
mammalian retroviruses, the N-terminal methionine is removed, and 
myristic acid is added to the glycine residue that immediately follows 
the methionine (Schultz and Oroszlan, 1983; Rhee and Hunter, 1987; 
Schultz et al., 1988; Weaver and Panganiban, 1990). This latter modifica
tion occurs in a cotranslational step during gag polyprotein synthesis 
(Wilcox et al., 1987). The host-cell enzyme N-myristyl transferase links 
myristic acid, donated by myristoyl coenzyme-A, to the a-carbon of the 
N-terminal glycine acceptor (Olson and Spizz, 1986; Towler and Glaser, 
1986). These modifications are necessary for targeting subunits (i.e., gag 
polyproteins and immature cores) to the inner surface of the cell plasma 



238 

ASLV 

MuLV 

PAUL A. LUCIW AND NANCY J. LEUNG 

env gag-prt pol 
5' 1-. -.;;..;;;...:..---+--.....;----+--------1 

!-_M. ,~ M 0' 

Pr180gag-prt-pol 

~ 
Pr76gag-prt 

pI9 pI0 p27 pI2 pI5 

MA CA NC PR 

I p63(a) p95(~) I p32 

RT IN 

gp85 

SU 

env 

gp37 

TM 

3' 

gag prt-pol 
5' ~.----~~----~~----~~~------~--------------~. 3' 

1 ~ 
j«~="'~<m'~.'m""'m ••• 'm"~'m"~','m','~'.~"~'~"m"."" "',.W,MM,O., ... OM'""MM,,,"'"'''''' 

Pr180 gag-prt-pol 

sp 
tw ....... t,· ...... "',·,··w •.• w .................. • ........................................................... 1 

1'<65"" L--------! Vp Vp 

+ • • + +. + 
My-pl5 ppI2 p30 pI0 pI4 pBO p46 

MA CA NC PR RT IN 

gPr85 env 

~cp 

Jr3I5E ,vp 

n 
gp70 

SU 

pI2E 

TM 

p2 

FIGURE 14. Processing patterns of retroviral polyproteins. The polyproteins and mature 
processed virion proteins derived from the gag, pol, and env genes of ASL V and MuL V are 
shown. Proteins are designated according to molecular weights in kilodaltons (kDa). The 
following designations are used: pr, polyprotein or precursor; p, protein; pp, phosphopro
tein; gp, glycoprotein. The nomenclature for virion proteins is based on Leis et al. (1988): 
MA, gag matrix; CA, gag capsid; NC, gag nucleocapsid; PR, protease from prt; RT, pol 
reverse transcriptase; IN, pol integrase; SU, env surface domain; TM, env, transmembrane 
domain. VP and CP denote proteolytic cleavages by viral PR or a cellular protease, respec-
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membrane during virion assembly (see Section VIII). Mutations that 
alter the penultimate glycine residue in the gag polyprotein block myris
tylation and abolish viral infectivity (Rhee et a1., 1987; Rein et a1., 1986; 
Gottlinger et a1., 1989; Bryant et a1., 1989). In type C retroviruses, these 
mutant gag polyproteinsare not processed and remain unassembled in 
the cytoplasm (Wills et a1., 1984; Rein et a1., 1986; Schultz and Rein, 
1989; Wills et a1., 1989). In type D retroviruses, mutant gag polypro
teins that lack the N-terminal myristic acid assemble into immature 
core particles, but these particles do not associate with the cell plasma 
membrane to initiate the budding process (Rhee et a1., 1987). Mecha
nisms of transport of gag polyproteins to sites of viral morphogenesis in 
the cell are discussed below in Section VIII on virion assembly. 

The gag polyproteins are cleaved to mature forms (Le., MA, CA, and 
NC proteins) by viral PR during and/or immediately after the budding 
process (Fig. 14; also see Fig. 18) (Oroszlan and Luftig, 1990; Wills and 
Craven, 1991). Additional proteins are derived from the gag polyprotein 
of several retroviruses; however, the role of these cleavage products in 
the viral life cycle is not well defined (Dickson et a1., 1985). A detailed 
discussion of the recognition and enzymatic properties of retroviral PRs 
is presented below. 

D. Translational Frameshifting and Suppression for Synthesis 
of Retroviral Enzymes PR, RT, and IN 

Figure 2 shows the organization of the gag, PIt, and pol genes of 
several retroviruses. These patterns have implications for the synthesis 
of pIt (PR) and pol(RT and IN) gene products. Retroviral enzymes are 
derived from polyprotein precursors which are translated from full
length viral transcripts (Dickson et a1., 1982). Translation is initiated at 
the AUG codon for gag, and stop codons are located either at the end of 
gag (for MuL V), at the end of gag-pIt IASL V), or at the ends of both gag 
and pIt (MMTV and SRV) (Fig. 2). Previously, RNA splicing was pro
posed to account for synthesis of the PIt and pol gene products (Dickson 
et a1., 1982). However, it has been established that different transla
tional mechanisms are utilized by each virus to obviate stop co dons so 
that gag-pIt and gag-pIt-pol polyproteins are produced (Fig. 15). Re
sults from direct sequencing of viral proteins together with studies in in 
vitIO translation systems have shown that stop-codon suppression (for 

( 

tively. The dashed lines and arrows indicate that parts of certain polyproteins may be 
cleaved into products represented by other polyproteins (e.g., Prl80 of ASLV is cleaved 
into gene products derived from prt and gag as well as pol). [Redrawn from Orozslan and 
Luftig (1990).J 
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One ribosomal -1 frameshift gag pTt 
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FIGURE 15. Translation mechanisms (i.e., suppression and frameshifting) to generate 
polyproteins for gag, PIt, and pol. Solid lines represent translation reading frames for the 
gag, PIt, and pol genes. Start (initiation) and stop (termination) codons are shown. In all 
cases, translation initiates at the start codon that specifies the N-terminus of the gag 
polyprotein. [Redrawn from Jacks (1990).1 

MuLV) and ribosomal frameshifting (for RSV, MMTV, SRV, and HIV) 
account for synthesis of these retroviral polyproteins (Fig. 15) (S. Yoshi
naka et al., 1985; Jacks and Varmus, 1985;Jacks et al., 1988a; Feng et al., 
1989; Atkins et al., 1990; see references in Jacks, 1990, and Hatfield et 
al., 1992). Posttranslational cleavages of viral polyproteins are mediated 
by viral PR during virion assembly to produce mature forms of the viral 
enzymes. 

ASL V gag and pol translation frames overlap 58 bases (Figs. 2 and 
141, and the pol frame is translated at an efficiency of about 5% in the-l 
direction with respect to gag (Jacks and Varmus, 1985). For retroviruses 
that have a prt frame which is separate from both gag and pol (e.g., 
MMTV and SRV, Figs. 2 and 15 I, higher efficiencies of -1 frameshifting 
are required to read through each of two -1 overlaps. In the case of 
MMTV, the gag-prt and the prt-pol overlaps have been shown to be 
translated, respectively, by about 23% and 8% of the ribosomes that 
initiate at the gag AUG (Jacks et al., 1987; Moore et al., 1987). Accord
ingly, MMTV pol polyprotein is synthesized at about 3-5% of the level 
of the gag polyprotein. This ratio of precursor polyproteins conforms to 
the relative amounts of gag gene products and R T measured in mature 
MMTV particles (Dickson and Atterwill, 1979). 

The frameshift event for each retrovirus is at a unique position 
within the overlapping translation frames involving the gag, prt, and pol 
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genes (Figs. 2 and 15) (Jacks, 1990, and references therein). Studies on 
several retroviral systems have shown that ribosomal frameshifting re
quires a seven-base sequence at the frameshift site and a secondary 
structure element (i.e., stem-loop) immediately downstream of the site. 
Examples of shifty sequences are A AAU UUA (ASL VI, U UUU UUA 
(HIV-1J, and A AAA AAC (MMTV gag-prt). Thus, the general form of 
the shift site is the sequence X XXY YYZ, in which the triplets are the 
initial (or "0") translation frame and X may be identical to Y (Chamorro 
et al., 1992). The base at the 3' end of the frame shift signal is translated 
once in the 0 frame and once in the -1 frame (Hizi et al., 1987). The 
stem-loop after the shift site is part of a potential pseudoknot structure 
that may form when bases in an RNA loop form base pairs with a se
quence outside the loop (Schimmel et al., 1989; Ten Dam et al., 1990; Le 
et al., 1991; Chamorro et al., 1992; also see Wills et al., 1991). 

In the simultaneous slippage model for -1 translational frameshift
ing, a specific sequence (i.e., shift site) allows slippage of tRNA in the 
ribosomal acceptor site and the stem-loop structure retards the move
ment of ribosomes so that the probability of frame shifting is increased 
(Jacks et al., 1988b). Ribosomes shift into the -1 frame when an amino 
acyl tRNA decodes the yyz codon and peptidyl tRNA recognizes the 
XXY triplet in the P site. The anticodons in both tRNA molecules recog
nize two of three base pairs at the shift site after slipping into the -1 
frame. Translation of gag-pol in HIV-1 also requires a -1 frameshift; 
however, studies with site-specific mutants and chimeric sequences at 
shift sites have not revealed a clear structural feature for frameshifting 
in HIV-1 (Madhani et al., 1988). Accordingly, further analysis is essen
tial to elucidate fully the significance of pseudoknots and other struc
tural elements with respect to -1 frameshifting. 

Several retroviruses and retrotransposons are predicted to utilize 
translational frameshifting for protein synthesis. Sequence analysis of 
lentiviruses (in addition to HIV-1), and the complex oncoviruses (e.g., 
HTL V), reveals that these retroviruses require a -1 frameshifting mecha
nism to translate gag-containing polyproteins [reviewed in Jacks ( 1990) I. 
Analysis of the gag and pol gene sequences of mammalian intracisternal 
A particles and Drosophila retrotransposons also implies a -1 frame
shift. Additional entities unrelated to retroviruses which utilize a -1 
frame shifting event at a pseudoknot are yeast dsRNA and coronaviruses 
(Brierly et al., 1989, 1991; Dinman, 1991; also see Ten Dam et al., 1990; 
Le et al., 1991; and Hatfield et al., 1992). 

In MuLV, the gag and prt-pol genes are separated by a termination 
codon (i.e., amber) but remain in the same translation frame (Figs. 2 and 
15). Host-cell translational suppression mechanisms utilize a tRNA 
charged with glutamine to suppress the amber termination codon (i.e., 
UAG) thus, allowing ribosomes to read through (S. Yoshinaka et al., 
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1985; also see Hatfield et al., 1989). Signals for suppression involve 
sequences near the gag stop codon (Panganiban, 1988; Hatfield et al., 
1992, and references therein); analysis in cell-free translation systems 
shows that a pseudo knot located eight nucleotides downstream of the 
UAG codon in MuLV gag enhances readthrough (Wills et al., 1991). 
Structural features in RNA also appear to playa role in stop-codon sup
pression in tobacco mosaic virus and mammalian alphaviruses (e.g., 
Sindbis virus) (Ishikawa et al., 1986; Li and Rice, 1989; Skuzeki et al., 
1991); however, sequence comparisons reveal no obvious homology in 
the region encompassing the suppressible termination codon (Feng et 
al., 1989; Ten Dam et al., 1990). A precise function for pseudoknot and 
stem-loop structures in the movement of ribosomes along mRNA re
mains to be determined. The efficiency of suppression in the MuL V gag 
gene in infected cells as well as in in vitro translation systems is about 
5%; thus, the gag-prt-pol polyprotein is about 20 times less abundant 
than the gag polyprotein (Dickson et al., 1982; Yoshinaka et al., 1985). 

E. Structural and Enzymatic Properties of the Retroviral PR 

PR cleaves gag-containing polyproteins into mature virion proteins 
during particle morphogenesis (reviewed by Skalka, 1989; Oroszlan and 
Luftig, 1990; Swanstrom et al., 1990; Fitzgerald and Springer, 1991). 
This enzyme is required for retroviral replication since noninfectious, 
immature particles containing uncleaved viral polyproteins are pro
duced if PR is rendered defective by site-specific mutagenesis (Crawford 
and Goff, 1985; Stewart et al., 1990, and references therein; Bennett et 
al., 1991). Patterns for the proteolytic processing of virion polyproteins 
for sever~l retroviruses are shown in Fig. 14. (Proteolytic processing of 
env polyprotein involves a host-cell enzyme localized in the Golgi appa
ratus; see below.) Mature retroviral PRs range in size from 99 to 126 
amino acids, and sequence comparisons reveal that these enzymes are 
distantly related to cellular aspartyl proteases (Toh et al., 1985). The 
sequence aspartate-threonine/serine-glycine is conserved in the active 
sites of both viral and cellular enzymes. Recently, vectors have been 
used to express large quantities of active PR from several retroviruses in 
genetically engineered bacteria and yeast. In addition, active HIV -1 PR 
has been chemically synthesized (Wlodawer et al., 1989). 

Similar three-dimensional models for ASL V and HIV -1 PR have 
been derived from crystallographic analysis together with predictions of 
structure based on amino acid sequences (Pearl and Taylor, 1987; M. 
Miller et al., 1989; Navia et al., 1989; H. Weber et al., 1990; Skalka, 
1989; Oroszlan and Luftig, 1990; Jaskolski et al., 1990; Arnold and Ar
nold, 1991). Structures of HIV -1 PR complexed with inhibitory sub-
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strate analogues have also been determined (Jaskolski et al., 1991; La
patto et ai., 1989; Fitzgerald et al., 1990; Swain et ai., 1990; Erickson et 
ai., 1990), and a structure for ASL V PR complexed with an inhibitor has 
been proposed (Grinde et al., 1992a). A crystal structure has been eluci
dated for the chemically synthesized 99-residue HIV-1 PR (Wlodawer et 
al., 1989). Taken together, these structural studies, largely focused on 
the PR of ASL V and HIV -I, support the notion that the functional form 
of the retroviral enzyme is a homodimer (Miller et ai., 1989; Lapatto et 
al., 1989; Meek et ai., 1989; Navia et ai., 1989; Wlodawer et al., 1989; 
Jaskolski et al., 1990; Weber, 1990). 

The PR monomer consists of several iJ-strands, a long a-helix, and a 
partial a-helix; this monomer is similar in structure to a single domain of 
the bilobal cellular aspartyl proteases (Oroszlan and Luftig, 1990; Swan
strom et al., 1990). A single chain of these cellular enzymes is folded into 
a structure that has an internal pseudodyad of symmetry with both 
halves of the pseudodimeric active site contributed by different parts of 
the same polypeptide chain. In the dimeric form, N- and C-termini of 
both PR monomers are intertwined to form a four-stranded antiparallel 
iJ-sheet. The conserved sequence aspartate-threonine/serine-glycine of 
each retroviral PR monomer is positioned in a loop that forms a part of 
the catalytic site; the same tripeptide sequence is in a similar loop config
uration within the catalytic site of all cellular aspartic proteases (Suguna 
et al., 1987; Sali et al., 1989). Located above the active site in the retro
viral PR dimer is the binding cleft. This cleft is large enough to accom
modate a substrate that is seven amino acid residues in length (see be
low). Two large flaps in the dimer cover the entrance to the binding cleft 
and appear to move to allow substrate or inhibitor to enter. Topological 
studies of cellular aspartyl proteases also show that these enzymes have 
only one flap, which covers the processing complex (Suguna et ai., 1987; 
Sali et al., 1989). Major features of this model for the retroviral PR have 
been confirmed by mutational analysis (Loeb et al., 1988, 1989; Leis et 
al., 1989; Bizub et al., 1991). These structural studies provide a basis for 
analyzing catalytic mechanisms and elucidating the configuration (and 
processing patterns) of retroviral polyproteins with PR domains. In ad
dition, knowledge of the structure of this viral enzyme can be used to 
design and evaluate inhibitors that block polyprotein processing and 
hence viral replication. 

Cleavage site specificity of PR has been analyzed (i) by comparing 
sequences of known recognition sites in retroviral gag and pol polypro
teins (Table V), (ii) in in vitro studies with synthetic peptides 7 -10 resi
dues long that mimic authentic cleavage sites, and (iii) by constructing 
and testing site-specific mutations in gag and pol polyprotein substrates 
as well as in the catalytic site of PR (Loeb et al., 1989; Pettit et ai., 1991; 
Grinde et ai., 1992b). These investigations reveal that PR has specificity 
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TABLE V. Protease Cleavage Sites in gag Polyproteinsa 

Cleavage site sequence 
Cleavage 

Virus junction P4 P3 P2 PI PI' P2' P3' P4' 

ASLV MA-x T S C Y H C G T 
x-plO P Y V G S G L Y 
plO-CA V V A M P V V I 
CA-x A A A M S S A I 
x-NC P L I M A V V N 
NC-PR P A V S L A M T 
RT-IN F Q A Y P L R E 

MuLV MA-pp21 S S L Y P A L T 
pI2-CA S Q A F P L R A 
CA-NC S K L L A T V V 
PR-RT L Q V L T L N I 
pISE-p2E V Q A L V L T Q 

MMTV MA-pp21 D L V L L S A E 
pp21-p3 S K A F L A T D 
p3-p8 E L I L P V K R 
p8-n P V G F A G A M 
n-CA T F T F P V V F 
CA-NC G M A Y A A A M 
p30-PR S H V H W V Q E 

SRV MA-pp21 F P V L L T A Q 
pp21-p12 P T V M A V V N 
pI2-CA K D I F P V T E 
CA-NC G L A M A A A F 

Q Four amino acids on either side of the PR cleavage sites are shown for gag polyproteins of several 
retroviruses. PI to P4 and PI' to P4' denote positions of amino acids relative to the cleavage site. PR 
has specificity for more than one substrate sequence. The amino acid at PI is always hydrophobic and 
unbranched at the {I-carbon. The majority of cleavage sites fall into two classes, depending on the PI' 
amino acid. Type I sites have proline at PI' and type II sites have alanine, leucine, or valine at PI'. 
Adapted from Pettit et al., 1991. 

for more than one cleavage site; accordingly, both sequence and struc
ture of the substrate affect enzymatic activity. Specificity is influenced 
by four amino acids upstream and three amino acids downstream from 
the scissile bond in the target substrate, and the amino acid immediately 
upstream from the cleavage site (PI positionJ is always hydrophobic and 
unbranched at the ~-carbon (Drake et ai., 1988; Kotler et al., 1988, 1989; 
Pettit et al., 1991J. The majority of cleavage site sequences have been 
grouped into two classes on the basis of the amino acid immediately 
downstream from the scissile bond (PI' positionJ (Table VJ (Pettit et al., 
1991 J. In type I sites, proline is in the P I' position; CA proteins from gag 
of most retroviruses have a proline residue at the N-terminus (Table VJ. 
In type II sites, either alanine, leucine, or valine occupies the PI' posi-
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tion; the cleavage site that generates the C-terminus of CA proteins is a 
type II site (Table V). The catalytic rate of the HIV-1 PR is about tenfold 
greater than that of the ASLV enzyme (Kotler et 01., 1989), and mutagen
esis studies have identified amino acids in the substrate-binding pocket 
of the AS LV PR that influence the catalytic rate (Grinde et 01., 1992a). 
Rates of PR cleavage of natural substrates may be controlled not only by 
sequence composition, but also by structural context and surface accessi
bility of the cleavage site. 

F. Processing of Viral Polyproteins by PR 

For all retroviruses, PR is translated as part of gag-containing poly
proteins (Figs. 2 and 14); thus, PR is part of the polyprotein and may be 
considered a proenzyme or zymogen (Skalka, 1989; Oroszlan and Luftig, 
1990; Wills and Craven, 1991). The mechanism of activation of the 
enzyme appears to be autocatalytic. In the proposed model for process
ing, the gag-containing polyprotein dimerizes and then the first proteo
lytic cleavage occurs either in cis (intramolecular) or in trans (intermo
lecular) to release the mature PRdimer (Skalka, 1989; Kotler et 01., 
1989). Analysis of the crystal structure of ASLV and HIV-1 PR supports 
the notion that PR cleaves itself out of the precursor by a trans mecha
nism. The sites at which PR is cleaved from the gag-pol precursor poly
protein are on the opposite side of the molecule from the catalytic site; 
thus, cleavage in cis is not likely for steric reasons (Wlodawer et 01., 
1989; Lapatto et 01., 1989; Miller et 01., 1989). Formation of the PR 
dimer under normal conditions is an intermolecular event dependent on 
the concentration of the precursor. 

To test the role of dimerization on processing and assembly, ASL V 
gag polyproteins containing linked PR dimers were constructed and 
evaluated in transfected cells. These gag precursors with dimeric PR 
were incorporated into core-like particles and proteolytically processed 
to mature gag proteins, whereas gag precursors with only one PR do
main were not efficiently processed, although core-like particles are 
produced and released from cells (Burstein et 01., 1991). Thus, dimeriza
tion is necessary for initiating maturation of gag-containing polypro
teins. The ASL V PR retains optimal activity in the gag polyprotein only 
if its carboxy terminus is free (Bennett et 01., 1991). In addition, the 
ASL V gag-pol polyprotein displays no detectable cis- or trans-acting PR 
activity; this processing step is required for releasing active R T. A gag 
polyprotein rescues the gag-pol polyprotein, and particles containing 
active RT are produced (Stewart and Vogt, 1991; also see Craven et 01., 
1991). Proteolytic processing is also not observed when the MuLV gag-pol 
polyprotein is expressed in the absence of gag polyprotein (Felsenstein 
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and Goff, 1991). Studies in the ASLV system have shown that PR can not 
initiate the processing reaction while it is part of the gag precursor (Bur
stein et al., 1992). Thus, the protease must first be released from its 
precursor before it can attack other sites in the gag and gag-pol polypro
teins. In the pathway of virion assembly, PR cleavage of gag-containing 
polyproteins is initiated during the budding process and continues in 
newly released immature particles (see Section VIII below). 

Members of the ASL V are distinct from other retroviruses in that 
the PR domain is at the carboxy terminus of the gag polyprotein (Fig. 2). 
Thus, a 1: 1 stoichiometry describes the ratio of ASLV PR to other gag 
proteins. Perhaps this enzyme has a structural role in ASLV assembly; 
however, virions (noninfectious) are assembled and released from cells 
harboring viral genomes with deletion mutations in PR (Stewart et al., 
1990). One possibility is that PR may be required on the end of every gag 
polyprotein molecule to mediate a cis cleavage(s). An alternative expla
nation is based on the observation that the ASLV PR has a relatively low 
level of activity as compared to other proteases; accordingly, larger 
quantities of ASL V may be required for efficient processing (Kotler et 
al., 1989). All other retroviral proteases as well as cellular aspartyl pro
teases have the sequence aspartate-threonine-glycine in the active site, 
whereas the ASL V enzyme substitutes serine for the threonine. Whether 
this substitution affects the activity of prot eases is an issue that can be 
addressed by site-directed mutagenesis. 

A potential role for PR in early stages of the retrovirallife cycle is 
proposed on the basis of experiments in an animallentivirus system. In 
purified particles of equine infectious anemia virus (EIA V) incubated in 
vitro, PR cleaves NC protein into smaller polypeptides (Roberts and 
Oroszlan, 1989; Roberts et al., 1991). Thus, cleavage of NC (mediated 
by PRJ is hypothesized to be a step in the entry and uncoating processes. 
Removal of NC which is tightly bound to virion RNA may be necessary 
for reverse transcription to proceed in the cytoplasm to generate double
stranded viral DNA. Presumably, the NC proteins of ASLV and MuLV 
as well as other retroviruses may play a similar role in early events in 
replication. 

G. Synthesis and Processing of env Gene Products 

Synthesis and processing of retroviral env glycoproteins take place 
in the cellular secretory pathway which is used for the production of 
membrane and secreted proteins of both the host cell and numerous 
enveloped viruses (Figs. 16 and 17) (White, 1990; Hunter and Swan
strom, 1990; Daar and Ho, 1990). The retroviral env polyprotein is 
translated from subgenomic spliced mRNA on membrane-bound poly
somes. A signal peptide characterized by a high proportion of hydropho
bic amino acid residues is located in the N-terminalleader, which varies 
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env - SU domain env - TM domain 

sp gp85 F gp37 M 
ASLV NH2~.& & c:::I ~COOH 

S!, gp70 F p15E M 
MuLV H2~ F ~COOH 

sp gp52 F gp32 M 
C COOH MMTV NH2 ~ ~ 

SI' gp70 F gp20 M 
SRV H2~ F ~COOH 

FIGURE 16. Functional domains and proteolytic processing sites in retroviral env glyco
proteins. Each line represents the retroviral env polyproteini widened areas are hydropho
bic regions. Shown are the signal peptide (sp) cleavage site (open triangle) and the cleavage 
site that separates the surface (SU) and transmembrane (TM) domains (fiUed triangle). SU 
and TM domains for each retrovirus are labeled according to the molecular weights of the 
mature cleavage products. The TM domain contains a hydrophobic fusion peptide (F), a 
hydrophobic membrane-spanning region (M), and a cytoplasmic anchor (C). [Redrawn 
from Hunter and Swanstrom (1990).] 

from about 30 to 100 amino acids. After translocation of the nascent env 
polyprotein into the lumen of the endoplasmic reticulum, a host endo
protease cleaves the leader peptide; the specificity of this proteolytic 
cleavage is apparently determined by sequences within the signal pep
tide. Translocation through the endoplasmic reticulum is halted at a 
stretch of hydrophobic amino acids (i.e., stop-transfer sequence) located 
near the C-terminus of the TM domain of env; accordingly, the env 
polyprotein remains anchored in the lipid bilayer membranes of the cell. 
The region of the TM domain extending from the hydrophobic anchor 
to the natural termination codon is designated the cytoplasmic anchor 
(Fig. 17). Site-directed mutagenesis has been used to introduce a transla
tional termination codon immediately before the anchor sequence; con
sequently, the truncated form of the env polyprotein lacks an anchor 
and is secreted into the extracellular medium. These mutagenesis stud
ies revealed that the relatively hydrophilic cytoplasmic anchor portion 
of TM is dispensable for ASL V replication (Perez et al., 1987). In con
trast, similar mutagenesis studies show that the cytoplasmic anchor of 
HIV is essential for viral infectivity (Kowalski et al., 1987). 

During cotranslational transfer of the nascent env polyprotein into 
the endoplasmic reticulum, cellular enzymes add oligosaccharide side 
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FIGURE 17. Intracellular pathways of env glycoprotein synthesis and assembly into 
membranes. Messenger for env is translated on membrane-bound polysomes and the na
scent env polypeptide is directed into the lumen of the endoplasmic reticulum. Tertiary 
structure, acquired by oligomerization of env polyproteins in the endoplasmic reticulum, 
is necessary for transport to the Golgi complex where mannose-rich carbohydrate side 
chains are added. A cellular endoprotease located in the Golgi compartment cleaves the 
env polyprotein into the SU and TM domains. Subsequently, the processed env oligomers 
are inserted into the plasma membrane of the cell. Nucleoprotein complexes composed of 
genomic viral RNA and gag polyproteins bud through areas of the cell plasma membrane 
that contain a high density of env glycoproteins to produce extracellular virions. The inset 
drawing shows the surface (SU) and transmembrane (TM) domains of the env glycoprotein 
heterodimer. Carbohydrate branches are indicated for both domains. Hydrophobic 
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chains, composed predominantly of mannose residues esterified into 
long chains (Fig. 17) (Hunter and Swanstrom, 1990, and references 
therein). The tripeptide sequences asparagine-X-serine and asparagine
X-threonine are predicted sites of N-linked glycosylations on aspara
gine. Within the endoplasmic reticulum, env polyproteins interact and 
form oligomers. In the ASL V system, the env polyprotein assembles into 
a trimeric complex (Einfeld and Hunter, 1988). Various reports indicate 
that the MuL V env oligomer contains from three to six subunits, al
though experimental differences may account for this apparent discrep
ancy (Pinter, 1989; Kamps et a1., 1991; see also Schawaller et a1., 1989). 
Detailed analysis of MuL V revealed that several points of contact be
tween the env glycoprotein monomers contribute to stabilization of the 
oligomer, and a region in TM is critical for maintaining quarternary 
structure (Tucker et a1., 1991). A proposed model for TM shows that a 
predicted a-helix involves the "leucine zipper"-like motif LX6LX6NX6 
LX6L, and this structural element may function to maintain protein
protein interactions in the env oligomer (Delwart and Mosialos, 1990; 
Gallaher et a1., 1989). In an alternative model, the predicted a-helix is 
presumed to form a coiled coil that is the basis for subunit interactions 
in the env oligomer (Tucker et a1., 1991). Mutagenesis and biochemical 
studies show that oligomerization is necessary for the transport of env 
from the endoplasmic reticulum into the Golgi compartment (Einfeld 
and Hunter, 1988; White, 1990, and references therein). 

After transport of the env precursor into the Golgi complex, many 
mannose residues are trimmed from the glycosylated side chains; other 
carbohydrates (Le., N-acetylglucosamine, galactose, fucose) are added to 
produce an env glycoprotein that contains both complex and hybrid 
carbohydrate side chains (Fig. 17) (Hunter and Swanstrom, 1990, and 
references therein). The function(s) of glycosylation is not clear; these 
oligosaccharide side groups may be necessary for transporting the env 
glycoprotein through various intracellular compartments during synthe
sis; in addition, the stability of the env glycoprotein as well as folding 
pattern may be influenced by carbohydrate side groups. Studies with 
site-specific env gene mutants and with glycosylation inhibitors reveal 
that certain carbohydrate modifications are essential for viral infectiv
ity. Carbohydrate side chains also affect the antigenicity of the mature 
env glycoprotein by occluding peptide epitopes. O-linked sugars have 
also been found in the env gene products of several retroviruses; the 

( 

stretches in the TM domain are depicted as cross-hatched boxes; additional features of TM 
are the fusion peptide (F) and the cytoplasmic anchor (C). Intramolecular disulfide bonds 
(shown as filled double dots) hold portions of the env polypeptide of SU and TM together 
to form loops; in addition, the SU and TM domains of some retroviruses interact via 
disulfide bonds (e.g., ASLV). 
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significance of O-linked glycosylation remains to be determined (Pinter 
and Honnen, 1988). 

Another important event in env biosynthesis in the Golgi compart
ment is cleavage of the polyprotein into the SU and TM domains by a 
host-cell endoprotease (Fig. 17) (Hunter and Swanstrom, 1990, and refer
ences therein). This cleavage occurs immediately after a stretch of 2-3 
basic amino acid residues in the SU domain. Site-specific mutations 
which alter or delete the amino acids at this cleavage site yield an un
cleaved env glycoprotein that folds and assembles normally and is in
serted into the cell membrane; however, production of infectious virus 
is blocked (Perez and Hunter, 1987; McCune et al., 1988; Earl et al., 
1991). Mammalian subtilisins belonging to the serine protease family 
cleave after dibasic residues in a variety of cellular and viral proteins 
(Barr, 1991). Cleavage of the env polyprotein in the Golgi compartment 
may result in a conformational change whereby the hydrophobic fusion 
peptide in the TM domain is buried within the glycoprotein oligomer. In 
a new infectious cycle, attachment of virions to a cell receptor via the SU 
domain is essential for the fusion peptide to insert into the cell plasma 
membrane (see Section III on virus entry). 

The env polyprotein, modified by proteolytic processing and glyco
sylation events and assembled into oligomeric complexes, is transported 
out of the Golgi compartment and inserted into the cell plasma mem
brane. Epithelial cells are polar, with apical and basolateral surface 
membranes; retroviral env glycoproteins are transported to the basolat
eral membrane (Roth et al., 1983; Stephens and Compans, 1986). Retro
viral determinants controlling polarized transport were analyzed in epi
thelial cells infected with vaccinia virus vectors expressing HIV -1 genes. 
The HIV -1 env glycoprotein directed virus maturation and release at 
the basolateral membrane (Owens et al., 1991). In all cell types (i.e., 
fibroblasts, lymphoid and epithelial cells), the viral nucleoprotein core 
buds through an area of the cell plasma membrane that contains env 
oligomers, and thus the core acquires a lipid bilayer membrane (Figs. 5 
and 18). 

VIII. VIRION ASSEMBLY 

A. Overview and Significance of Retroviral Assembly 
Ii.e., Morphogenesis) 

The assembly of virions involves noncovalent intermolecular inter
actions of specific viral components in the cell (i.e., genomic RNA, host
cell tRNA, and gag, pol, and env gene products) and proteolytic cleav
ages of viral polyproteins (Figs. 3 and 14). Studies of these complex 
events in retroviral morphogenesis have involved biochemical and ge-
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netic analysis and electron microscopy of assembly intermediates in in
fected cells (Fig. 5) (Bernhard et a1., 1958; Bernhard, 1960; Fine and 
Schochetman, 1978; Teich, 1982; Gelderblom, 1991, and references 
therein). Natural viral variants as well as viral mutants constructed by 
site-specific mutagenesis procedures have been examined (Goff, 1990, 
and references therein). These studies reveal two pathways of particle 
morphogenesis; the salient difference is whether the immature core (or 
capsid) is formed in the cytoplasm or at the plasma membrane (Fig. 5) 
(Fine and Schochetman, 1978; Rhee and Hunter, 1990a, b). For both 
pathways, retroviral assembly presumably initiates with the interaction 
of the NC domain of the gag polyprotein with cis-acting packaging (i.e., 
encapsidation) signals in genomic viral RNA (Fig. 6) (Linial and Miller, 
1990). In addition, virus particles in both morphogenetic routes acquire 
a lipid bilayer membrane by budding through the cell plasma membrane 
(Fig. 18). Although the major features of virion assembly are known, 
many important details remain to be elucidated. 

The retroviral assembly process yields a stable extracellular vehicle 
that not only protects and transmits viral genetic information, but also 
participates in early events in an infectious cycle. Reverse transcription 
takes place in a ribonucleoprotein core complex derived from virions 
immediately after entry into cells (see above). In addition, the integra
tive precursor (i.e., linear viral DNA) is contained within a nucleopro
tein complex that may consist of the major core protein (i.e., CAl and 
other virion proteins. Replication intermediates of hepadnaviruses and 
caulimoviruses are also encapsidated into viral-like particles (Summers 
and Mason, 1982; Marsh and Guilfoyle, 1987; Mason et a1., 1987). Re
trotransposons that have only an intracellular life cycle (e.g., Ty-l and 
Ty-2 elements in Saccharomyces, copia in Drosophila, intracisternal 
type A particles in mammalian cells) also require particle-associated as
semblages for transposition (Eichinger and Boeke, 1988; Fuetterer and 
Hohn, 1987; Boecke and Corces, 1989) (see Chapter 4). Although the 
packaging of cellular RNA into viral particles is generally an inefficient 
process, retroviruses may play roles in transposing sequences within the 
host genome (Baltimore, 1985; Linial, 1987) (see Chapter 1). Studies on 
assembly are significant for identifying specific mechanisms and viral 
components that may be targeted for the development of antiviral inhibi
tors. Also, an understanding of the factors that control virion formation 
is essential for the design of efficient retroviral vectors for gene transfer 
(see Section IX). 

B. Packaging: cis-Acting Viral RNA Sequences 

Retroviruses have mechanisms to select genomic viral RNA out of a 
large cytoplasmic pool of cellular mRNA and subgenomic viral mRNA 
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FIGURE 18. Release of type C retroviral particles from cells by budding and subsequent 
maturation. Myristylation (or acylation) of the N-terminus of the MA domain in the gag 
polyprotein generates a topogenic signal, and the polyprotein is subsequently transported 
to the inner surface of the cell plasma membrane. Genomic viral RNA molecules interact 
with the NC domain and perhaps other portions in the gag polyprotein molecules located 
near the plasma membrane. Intracellular portions of the TM domains may also recognize 
MA, although studies with mutants indicate that TM is not required for release of parti-
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for assembly into virions (Linial and Miller, 1990; Aronoff and Linial, 
1992, and references therein). Genomic viral RNA as well as cellular 
mRNA and subgenomic viral mRNA have 5'm7G cap structures and 
poly-A tails (Figs. 6 and 13) (Coffin, 1985; Stoltzfus, 1988). Therefore, 
selectivity must involve internal viral sequences which are absent from 
spliced viral and cellular messages. Cis-acting signals (designated 'It) in 
genomic viral RNA as well as trans-acting virion core proteins (i.e., NC) 
govern the mechanism of encapsidation. Packaging of intact genomic 
viral RNA is about 1000 times more efficient than incorporation of the 
same RNA molecules lacking these signals (Adam and Miller, 1988; 
Dornburg and Temin, 1988; Aronoff and Linial, 1992). 

Extensive studies aimed at defining 'It in genomic viral RNA have 
been based on the analysis of both naturally occurring viral variants 
which show defects in assembly and genetically engineered viral mu
tants constructed by site-specific mutagenesis of cloned proviral DNA 
(Linial et al., 1978; Watanabe and Temin, 1982; Linial and Miller, 1990, 
and references therein). Some differences with respect to locations of 
assembly elements in genomic RNA are observed in comparisons of 
AS LV with MuLV and REV. In the ASLV system, efficient assembly 
requires three cis-acting elements: (i) a noncoding segment at least 150 
bases long between the PB- and the start codon for gag (i.e., 'It) (Fig. 6), 
(ii) sequences within the 5' end of the gag gene, and (iii) a segment about 
100 bases long that forms a direct repeat flanking the src gene (desig
nated DR) (Linial and Miller, 1990, and references therein). The L seg
ment is upstream of the splice donor; thus, subgenomic viral messages 
encoding env and src contain L as well as the direct repeat element 
flanking src; however, these messages are not efficiently packaged. Pre
sumably, the absence of an important packaging element within the 
AS LV gag sequence precludes the assembly of subgenornic (i.e., spliced) 
viral mRNA. 

For both MuL V and REV, the respective 'It is a sequence about 300 
bases long that is located in the L region immediately downstream from 

( 

cles from cells. Formation of the dimer linkage structure between two genomic viral RNA 
molecules may occur either at very early stages in the interaction of the gag polyprotein 
with the genome or during the budding process. The precise point in particle assembly at 
which the primer tRNA molecule associates with the genome is not known. A high con
centration of gag polyprotein-viral RNA complexes in specific sites on the inner face of 
the plasma membrane produces the electron-dense crescents that are observed in electron 
micrographs of infected cells; these crescents are the precursors to virion cores. A protru
sion in the plasma membrane forms around the gag polyprotein-viral RNA complexes, 
and the membrane distends until it completely engulfs the core and is released from the 
cell. Proteolytic processing of gag polyproteins is probably initiated by the budding pro
cess and continues in newly released immature particles. Morphological changes accom
pany these processing events until a mature virion is produced which is fully infectious. 
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the splice donor in each virus (Fig. 6) (Mann et al., 1983; Mann and 
Baltimore, 1985; Sorge et al., 1983; Watanabe and Temin, 1979; Em
bretson and Temin, 1987b; Linial and Miller, 1990). Thus, sub genomic 
env mRNA for these viruses is not assembled into virions, because the 
cis-acting assembly element is in the env intron. MuL V 'It is functional 
for packaging viral RNA if moved from the normal location to a position 
downstream of the env gene, and this element retains packaging activity 
only in the sense orientation (Mann and Baltimore, 1985). REV is an 
avian retrovirus that shows some homology with MuL V gag and pol 
genes; transcripts containing MuL V 'It are efficiently packaged by REV 
(Embretson and Temin, 1987b; Dornburg and Temin, 1990). 

Retroviral 'It elements required for efficient packaging have been 
localized by mutational analysis of viral genomes as described above; 
however, sequences sufficient for packaging have been defined by other 
approaches. Selectable markers have been cloned into MuL V and REV 
genomes with deletions that remove the coding genes (i.e., gag, pol, and 
env) (Fig. 19) (Mann et al., 1983; Cepko et al., 1984; Emerman and Te
min, 1984; Kriegler, 1990, and references therein). These constructs 
yield transcripts that are assembled into particles either in cells infected 
with replication-competent helper viruses or in genetically engineered 
cells expressing virion proteins (i.e., packaging cell lines) (Fig. 20) 
(Miller, 1990a). Constructs containing the LTR and 'It together with a 
selectable marker (or other heterologous gene) are designated retroviral 
vectors (see below) (Coffin, 1985; McLachlin et al., 1990). 

An extension of this approach to the construction of retroviral vec
tors has defined the minimum sequences required for packaging (Adam 
and Miller, 1988; also see Murphy and Goff, 1989). Segments of MuLV 
encompassing 'It were inserted into a nonretroviral transcription unit 
containing a cytomegalovirus promoter, the neomycin (neo) selectable 
marker, and a poly-A signal from SV40. The MuLV DNA fragment con
taining sequences from bases 215-1038 (L and part of gag) was cloned 
between the end of the neo gene and the SV 40 poly -A site in this heterol
ogous transcription unit (Figs. 6 and 20). In transfected packaging cells, 
transcripts containing the 823-bp MuLV segment were assembled into 
virions as well as those from the parent virus. In an identical vector, 
heterologous transcripts containing the region from bases 215-563 (L 
only) were encapsidated 40-fold less efficiently. Accordingly, the 823-
bp region that includes L and the N-terminal sequences for gag has been 
designated the extended packaging signal ('It+). Other investigators have 
found that sequences within the MuL V gag gene also contribute to the 
encapsidation efficiency of viral RNA (Armentano et al., 1987; Bender 
et al., 1987). A similar approach utilizing a nonretroviral vector system 
has been used to demonstrate that the 'It+ of ASL V is specified by a 
683-base segment that includes L and sequences from the N-terminus of 
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FIG URE 19. Retroviral vectors for transduction of heterologous genes. The proviral con
figurations shown are based on retroviral vectors containing MuL V L TRs and packaging 
signals ('11). neo is a gene from the bacterial transposon Tn5 which encodes the selectable 
marker neomycin that functions in mammalian cells. ada represents the cDNA copy of the 
human adenosine deaminase gene. SV-prm is the promoter from the simian virus 40 
(SV 40) early gene; this heterologous promoter is located between the retroviral L TRs and 
regulates initiation of neo (configurations II, III, and IV). The 5' LTR regulates transcrip
tion of full-length transcripts as well as neo (configuration I) and ada (configuration IV). 
Arrows indicate transcription start sites and direction of transcription for each vector. 
Filled circles are synthetic oligonucleotides containing restriction enzyme sites for insert
ing heterologous genes (i.e., polylinkers). The 3' LTR provides the signal for addition of 
poly-A to full-length transcripts and subgenomic transcripts in configurations I and II. 
The SV-prm-neo transcription unit in configuration III is in the antisense orientation 
relative to the LTRs; thus, a poly-A site (shown in the figure as SV-pA) is provided by a 
sequence element from the 3' end of the SV40 early gene. Thus, in configuration III the 
full-length transcript (packaged into virus particles) encodes the L TRs and the neo gene in 
the sense orientation. The SV-prm-neo-SV-pA sequence is in the antisense orientation in 
the full-length transcript, but the subgenomic transcript will be in the sense orientation 
with respect to the neo gene. 
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FIGURE 20. Packaging cell lines for retroviral vectors. This packaging cell line contains 
an integrated transcription unit that expresses MuL V virion polyproteins (gag, pol, and 
env) under the control of a promoter (filled circle with arrow) and poly-A site (open circle) 
from a heterologous virus. In addition, the packaging signal (it) has been deleted from the 
transcription unit expressing the MuL V polyproteins. A plasmid containing the cloned 
DNA form of a retroviral vector (Fig. 19) is introduced into the packaging cell line by 
DNA transfection. Full-length transcripts from the transfected plasmid contain it and are 
packaged into virions. Accordingly, these virions contain all functions required for one 
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gag (Fig. 6) (Aronoff and Linial, 1991). The '1'+ of ASLV (and MuLV) 
functions efficiently at the 3' end of a gene, but only in the sense orienta
tion (Adam and Miller, 1988 j Aronoff and Linial, 1992). 

Potential RNA secondary structures in MuLV 'I' have been identi
fied by a combination of analysis with chemical probes and computer 
modeling (Alford et al., 1991 j Tounekti et al., 1992). A proposed model 
involves a predicted pseudoknot together with conventional stem-loop 
structures. Alignment of packaging regions of REV, MuL V, and VL30 
(i.e., endogenous retrovirus-related sequences) revealed only a short 
stretch (12 bases) of homologyj intriguingly, this element is part of a 
deduced stem-loop structure that is identical for all three viruses (Aron
off and Linial, 1992 j see also Tounekti et al., 1992). The '1'+ of AS LV also 
has several predicted stem-loop structures (Aronoff and Linial, 1992). 
Additional mutational studies in all of these retroviral systems are re
quired to assess the validity of the proposed RNA structures with re
spect to packaging and/or formation of the dimer linkage structure 
(Bieth et al., 1990). 

Packaging of cellular RNAs into retroviral particles is generally a 
low-frequency event (Aronoff and Linial, 1992, and references therein). 
An avian cell line (SE21 Q 1 b) harbors a defective ASL V genome and pro
duces noninfectious particles containing a random sampling of cellular 
mRNAs (Linial et al., 1978 j Callis et al., 1979). Less than 1 % of the RNA 
in these particles is viral-specific. The defective provirus has a 179-bp 
deletion extending from the 5' LTR into L (position 96-274 j see Fig. 6) 
(Anderson et al., 1992). In addition, several differences are noted in 
sequence comparisons of the NC domain of the defective provirus and 
wild-type ASLVj however, analysis of site-specific mutations reveals 
that the changes in the mutant proviral NC protein are not sufficient to 
account for the altered packaging specificity in the SE21 Q 1 b cell line 
(Anderson et al., 1992) (see below). Nonetheless, studies with recombi
nant viral genomes show that the mutation(s) that favors random pack
aging of cellular RNAs maps to the NC region of gag. After superinfec
tion of SE21Qlb cells with wild-type virus, packaging of cellular RNA 
continues at a relatively high levelj thus, the cis-acting defect is domi
nant (Linial et al., 1978). The SE21Ql b cell system was the first example 
of transduction of randomly packaged cellular RNAs via reverse tran
scription and integration into the host genome. This process is desig
nated retrofection and the cDNAs representing cellular mRNAs with
out introns are termed retrogenes (Linial, 1987 j Aronoff and 
Linial, 1991). 
( 

round of infection and integration. Virions are harvested from the extracellular medium 
and used to infect permissive recipient cells which acquire the proviral form of the vector. 
The host-cell transcription apparatus then mediates expression of the transduced gene(s) 
in the recipient cell. [Redrawn from J. R. McLachlin et al. (1990).] 
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C. Packaging: trans-Acting Viral Proteins 

The presence of sites in genomic RNA required for assembly im
plies that a trans-acting factor(s) recognizes these sites (Coffin, 1985). 
The pol and env gene products are not required for the formation of 
virus particlesj noninfectious virions containing genomic viral RNA are 
produced from viral genomes harboring large deletions in either of these 
genes (Linial and Blair, 1982). However, similar mutagenesis studies 
show that gag is essential for encapsidating viral RNA and particle as
sembly (Goff, 1990, and references thereinj Wills and Craven, 1991, and 
references therein). Examination of virions revealed that the gag-derived 
NC protein is tightly associated with the genome in the core (Darlix and 
Spahr, 1982). 

Retroviral NC proteins are small, very basic, and hydrophilic (Meric 
et al., 1984 j Karpel et al., 1987). In addition, NC proteins have a cys
teine-histidine motif that appears to be similar to the metal finger do
mains of several proteins which bind nucleic acids (Dickson et al., 1985 j 

Berg 1986). This motif consists of one or two copies of the sequence 
cysteine-X2-cysteine-X4-histidine-X4-cysteine, and most retrovi
ruses encode an NC protein which contains this motif (Katz and Jentoft, 
1989). Also, cauliflower mosaic virus and several retrotransposons (e.g., 
Saccharomyces Ty-l element) encode proteins with this sequence motif. 
hi contrast, the gag genes of several primate spumaviruses do not specify 
a domain with a cysteine-histidine motifj instead, the NC analogue of 
this group of retroviruses is presumed to be a gag cleavage product that 
has a high proportion of basic amino acids (Maurer et al., 1988 j Mergia 
and Luciw, 1991 j Renne et al., 1992). 

The significance of the cysteine-histidine motifs in NC for packag
ing has been tested by constructing and evaluating viral mutants (J entoft 
et al., 1988 j Fu et al., 1988 j Meric et al., 1988 j Gorelic et al., 1988 j Meric 
and Goff, 1989 j Dupraz et al., 1990). Molecular clones of ASLV and 
MuLV genomes with site-specific mutations in NC (i.e., in the 
cysteine-histidine motifs) have been shown to form particles which do 
not package viral RNA efficiently. These studies also suggested that the 
N-terminal cystidine-histidine motif in viruses with two copies is more 
critical for NC recognition of RNA than the C-terminal motif. 

In addition to encapsidation of genomic viral RNA (and initiation 
of viral DNA synthesis j see Section V), NC may playa role in the forma
tion of the dimer linkage structure and appears to facilitate the anneal
ing of the tRNA primer to the viral genome (Meric and Spahr, 1986 j 

Bieth et al., 1990 j Prats et al., 1988). Thus, mutations in NC may have a 
complex phenotype. Accordingly, the cysteine-histidine motif may be 
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essential for one or more of these functions ascribed to NC (i.e., encapsi
dation, genome dimerization, and tRNA annealing). Also, this motif 
may enable NC to form dimers or higher multimers which then bind 
viral RNA during the assembly process (Aronoff and Linial, 1992). 

In vitro, NC proteins of ASL V and MuL V have an affinity for homol
ogous and heterologous RNA (Leis and Jentoft, 1983; Meric et al., 1984; 
Fu et al., 1985; Karpel et al., 1987). Thus, this interaction is not 
sequence-specific in these two viral systems; however, recent studies on 
HIV -1 have established conditions that appear to demonstrate specific 
recognition of HIV -1 NC with the homologous packaging signal (Luban 
and Goff, 1991; see below). No evidence of RNA binding via the 
cysteine-histidine motif has been demonstrated in vitro (Meric et al., 
1984; Fu et al., 1985; Karpel et al., 1987). A single molecule of NC 
covers 4-6 bases and stoichiometric considerations suggest that each 
molecule of genomic RNA is entirely coated with NC (Karpel et al., 
1987). Phosphorylation of NC purified from ASLV particles increases 
the affinity for RNA in a nonspecific fashion (Fu et al., 1985). 

Recent analysis in an in vitro system has revealed that the HIV -1 gag 
polyprotein specifically recognizes viral sequences near the 5' end of the 
genome (Luban and Goff, 1991). For this system, gag polyprotein pro
duced in genetically engineered bacteria was fixed to a matrix (e.g., ni
trocellulose membranesL and measurements were made on the extent of 
binding of radioactively labeled HIV-l RNA. Viral RNA molecules 
lacking sequences required for efficient packaging (i.e., 'if) bound less 
well than wild-type viral RNA, and mutagenesis of the cysteine
histidine motif in the NC domain of the gag polyprotein abrogated bind
ing. Utilization of this blotting procedure may facilitate the in vitro 
analysis of packaging for other viral systems. Sequences and structural 
features of NC protein (embedded within the gag polyprotein) as well as 
viral RNA can be evaluated with respect to binding specificity. 

Analysis of viral assembly in infected cells has demonstrated that 
the packaging process is influenced by other domains in the gag polypro
tein in addition to NC. UV cross-linking experiments on freshly isolated 
ASL V particles revealed that the NC domain embedded within the gag 
polyprotein interacts directly with genomic viral RNA (Stewart et al., 
1990). Studies with site-specific mutations in various regions of the 
ASLV gag gene show that the NC protein participates in packaging viral 
RNA only as a part of the full-length gag polyprotein (Oertle and Spahr, 
1990). In addition, these same investigations demonstrated that the PR 
domain influences dimerization of the viral genome. The precise basis 
for recognition of the viral genome remains to be established; either a 
structural element in viral RNA is required or another viral gag protein 
acts in concert with NC to confer specific recognition properties. 
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D. Pathways for Virion Assembly 

In one pathway for retroviral morphogenesis, genomic viral RNA 
and gag-containing polyproteins are assembled into immature cores in 
the cell cytoplasmj cells infected with the type B and type D retroviruses 
follow this pattern of morphogenesis (Fig. 5) (Fine and Schochetman, 
1978 j Rhee and Hunter, 1990a, bj Rhee et ai., 1990). These intracellular 
cores are spherical with a double-walled appearance that is similar to the 
structure of intracellular type A particles. The MA domain of gag has a 
topogenic signal that targets viral polyproteins to a cytoplasmic com
partment where assembly is initiated (Rhee and Hunter, 1990a). A spe
cific point mutation in the MA domain alters the pattern of SRV mor
phogenesisj the mutant gag polyprotein assembles into a core structure 
at the plasma membrane, much like type C retroviruses (see below), 
instead of within the cytoplasm. Analysis of additional site-specific mu
tations reveals that the MA domain of the gag polyprotein precursor is 
also essential for (i) transport of the core from the site of assembly in the 
cytoplasm to the plasma membrane and (ii) budding through the plasma 
membrane (Rhee and Hunter, 1991). Myristylation of the amino ter
minus of the gag polyprotein is necessary for the association of the core 
with the inner surface of the cell membrane (Rhee and Hunter, 1987). 
The preassembled core protrudes through the plasma membrane, a par
ticle is released from the cell, and proteolytic processing of viral poly
proteins continues in newly budded particles. The env glycoprotein 
oligomers are inserted into the plasma membrane of infected cells (Fig. 
1 7). Virions acquire env glycoprotein by budding through areas of the 
plasma membrane that contain the viral glycoprotein. Mutational analy
sis has revealed that preas sembled intracellular cores bud through the 
plasma membrane in the absence of env glycoprotein (Rhee et ai., 1990). 
The core of a mature type D retrovirus particle has a characteristic bar 
shape (Fig. 5). Electron microscopy shows that type B retroviruses also 
assemble a core structure within the cell cytoplasmj however, the core in 
mature type B particles is round and eccentrically positioned within the 
mature virion (Fig. 5) (Fine and Schochetman, 1978). 

In the other morphogenesis pathway, characteristic of type C retro
viruses, gag-containing polyproteins are individually transported to the 
cytoplasmic side of the plasma membrane containing env glycoprotein 
(Figs. 5 and 18). The gag polyproteins of MuL V and REV must be myris
tylated to associate with the cell membrane (Schultz and Rein, 1989 j 

Weaver and Panganiban, 1990j Wills and Craven, 1991, and references 
therein). Studies on the effects of the ionophore monensin (i.e., an inhibi
tor of vesicular traffic) together with analysis of site-specific mutations 
in MA of MuL V gag revealed that myristylated gag polyproteins travel 
via vesicles to the plasma membrane (Hansen et al., 1990). Additional 
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investigations of gag-fj-gal fusion proteins also showed that the MA 
domain is essential for targeting gag polyproteins to the plasma mem
brane (Jones et al., 1990; Hansen et al., 1990). Assembly of immature 
cores (i.e., complexes of gag-containing polyproteins and genomic viral 
RNA) is concomitant with the budding process, and this core first ap
pears as an electron-dense crescent on the interior surface of the plasma 
membrane at the site of budding (Bernhard et al., 1958; Be!nhard, 1960; 
Gelderblom, 1991) (Fig. 5). A semicircular protrusion of the cell mem
brane forms above the immature core. Viral env glycoprotein oligomers 
are inserted into the plasma membrane, and virions acquire membranes 
with env glycoproteins through the budding process (Fig. 17). In the 
newly budded virus particle, the core appears as an electron-dense outer 
ring that surrounds an electron-lucent nucleoid (Fig. 5). Subsequently, 
the immature core condenses into a central, electron-dense structure to 
yield mature infectious virions (Y oshinaka et al., 1977; Dickson et al., 
1982,1985) (Fig. 5). 

At early stages of the budding process, the MA portion of the gag 
polyprotein appears to interact with the cytoplasmic anchor region in 
the TM.domain of env (Gebhart et al., 1984; Perez and Hunter, 1987). 
However, the interaction of TM and MA for virion assembly is not 
required for budding, since cells harboring proviruses with deletion mu
tations in the env gene release bald particles which lack env glycoprotein 
and are not infectious (Kawai and Hanafusa, 1973; Dickson et al., 1982). 
In addition, genetically engineered cells transfected with vectors that 
express only the gag polyprotein also release noninfectious particles that 
resemble retroviral cores (Wills and Craven, 1991, and references 
therein). Taken together, these observations show that the cytoplasmic 
anchor region of TM does not influence particle assembly and budding 
although it is required for efficient incorporation of env oligomers into 
virion membranes (Fig. 18) (Hunter and Swanstrom, 1990, and refer
ences therein). 

Incorporation of the specific tRNA primer molecule into virions 
appears to involve an interaction with the RT domain in the pol poly
protein, although other studies suggest that NC protein may facilitate 
the interaction of the tRNA primer with genomic viral RNA (Sawyer 
and Hanafusa, 1979; Peters and Hu, 1980; Tirumalai and Modak, 1991; 
Prats et al., 1988). Some host-cell proteins (e.g., protein kinase, ubiqui
tin) and several species of small cellular RNA molecules are also found 
in virions; these host components may be trapped in virus particles 
during the budding process (Eisenman and Vogt, 1978; Putterman et 
al., 1990). 

In both assembly pathways, proteolytic cleavages of viral polypro
teins in immature cores are initiated by the viral PR during budding; full 
maturation of viral cores via these cleavages occurs in newly released 
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virions IKatch et al., 1985; Skalka, 1989; Oroszlan and Luftig, 1990). 
These specific proteolytic cleavages ensure that the assembly process is 
unidirectional and that morphogenetic events occur in a stepwise fash
ion. In addition, viral enzymes ILe., RT and IN) in the pol polyprotein 
are not active; this proenzyme form prevents inappropriate activity in
side the cell during virion morphogenesis. 

IX. CONCLUSIONS AND PROSPECTS 

Analysis of retroviral replication mechanisms has continued at a 
vigorous pace for the last two decades. Discovery of R T was a seminal 
and critical event that provoked intense and profound interest in a 
group of viruses that was already recognized for fascinating biological 
properties, namely tumorigenesis and cell transformation. Within the 
last decade, studies on basic retroviral replication mechanisms have 
escalated with the discovery that these agents are linked to serious hu
man pathologies le.g., AIDS). Many of the lessons learned from basic 
studies on the replication of retroviruses with simple genomes are di
rectly applicable to retroviruses with complex genomes le.g., HIV, 
HTL V). In addition, an understanding of these replication mechanisms 
is relevant not only for providing insight into the molecular biology of 
eukaryotic cells, but also for establishing the roles of specific viral genes 
and regulatory elements in virus-host relationships le.g., latency and 
persistent infection, mechanisms of pathogenesis). 

Bishop, Varmus, and co-workers discovered that retroviruses incor
porate cellular proto-oncogenes into their genomes, and this observa
tion substantiated the notion that retroviruses have the capacity to 
transduce heterologous ILe., nonretroviral) genes into vertebrate cells 
IBishop and Varmus, 1982, 1985) Isee Chapter 1). Indeed, retroviruses 
can be viewed as packages which deliver genes into cells in culture and in 
animals ITabin et al., 1982; Joyner et al., 1983; Bandyopadhyay and 
Temin, 1984; A. D. Miller et al., 1983). Several unique features based on 
retroviral structure and replication events have been exploited for de
signing efficient vectors for gene delivery ICoffin, 1985a). These vectors 
are generally replication-defective and therefore may be limited to only 
one round of infection IMann et al., 1983; Cone and Mulligan, 1984; 
Miller 1990a), although replication-competent vectors have also been 
developed IHughes and Kosik, 1984; Petropoulos and Hughes, 1991; 
Gelinas and Temin, 1986). Host range is controlled by selection of the 
env glycoprotein used for packaging IFig. 20), and these vectors may 
accommodate one or more heterologous genes IFig. 19) IMcLachlin et 
al., 1990). Expression is regulated by cell-specific enhancer elements in 
the LTR, internal heterologous promoters can be incorporated into the 
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vector to control expression (Fig. 19), and the provirus is integrated into 
the host-cell genome in a stable fashion in low copy number. 

Retroviral vectors have many potential clinical applications (Ander
son, 1992; Miller, 1990b), and studies on therapeutic efficacy have been 
performed in animal model systems (Williams et al., 1986; McLachlin et 
al., 1990; Kay et al., 1992). Recently, the feasibility of retroviral gene 
transduction for cancer therapy in humans has been demonstrated (Ro
senberg et al., 1990). In addition, a vector system has been constructed 
to express adenine deaminase (ADA) for treating severe combined im
munodeficiency in humans (McLachlin et al., 1990; Anderson, 1992) 
(Fig. 19). The knowledge of the retroviral replication cycle and virion 
structure reviewed above provides an essential basis for designing addi
tional vector systems as well as for exploring potential applications and 
limitations. The converse also applies; hypotheses and issues that deal 
with mechanisms of retroviral replication and biology can be addressed 
by constructing and evaluating retroviral vectors (Ellis and Bernstein, 
1989; Jones et al., 1990; Pulsinelli and Temin, 1991; Reddy et al., 1991; 
Hevezi and Goff, 1991; Dillon et al., 1991; Soriano et al., 1991). 

On several occasions throughout this chapter, specific gaps in 
current knowledge on issues dealing with various retrovirus replication 
steps have been cited. Tools, techniques, and concepts of molecular biol
ogy as well as contributions from both immunology and cell biology 
have been essential for elucidating viral replication mechanisms. New 
findings in these disciplines will continue to provide a basis for learning 
more about retroviruses as well as mechanisms which control cells and 
determine the outcome of infection in animals and humans. 

Postscript 

The authors leave the reader with these two thoughts: 

In expanding the field of knowledge we but increase 
the horizon of ignorance. 

- Henry Miller 
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