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A secondary structure in the 5' noncoding region of avian retrovirus RNA, called the U5-leader stem, was
shown previously to have a role in initiation of reverse transcription (D. Cobrinik, L. Soskey, and J. Leis, J.
Virol. 62:3622-3630, 1988). We now show that an additional RNA secondary structure near the U5 terminus,
called the U5-IR stem, is also important for reverse transcription. Mutations that disrupt the U5-IR stem cause
a replication defect associated with both a decrease in synthesis of viral DNA in infected cells and a decrease
in initiation of reverse transcription in melittin-permeabilized virions. Structure-compensating base substitu-
tions in the U5-IR restore reverse transcription efficiency. In viral DNA, U5-IR sequences are included in the
U5 term'inal region that functions as a viral integration donor site. When base substitutions are introduced into
these sequences, a reduced efficiency of integration in vitro and in vivo is observed. These observations indicate
that U5-IR sequences have a structural role in reverse transcription of viral RNA and a sequence-specific role
in the integration of viral DNA.

The early steps of retrovirus replication consist of reverse
transcription of viral RNA and integration of viral DNA into
cellular DNA. Reverse transcription is initiated by extension
of a specific tRNA primer annealed to sequences near the 5'
end of the viral genome. A number of complex steps result in
the production of double-stranded linear viral DNA contain-
ing long terminal repeat (LTR) sequences in the cytoplasm of
infected cells as well as linear and circular viral DNA forms
in cell nuclei (8). The linear form has recently been shown to
be the primary substrate for integration. This reaction in-
volves cleavage of the U5 and U3 LTR termini by the viral
IN protein followed by ligation to cellular sequences that are
also likely to be cleaved by IN (5, 12, 15, 21, 26).
Avian retrovirus particles are infectious as early as 10 min

after budding (30), yet there is no detectable reverse tran-
scription prior to cell infection (4, 13, 31). The mechanism
that restricts reverse transcription in virions is not known.
However, we have recently found that an RNA secondary
structure called the U5-leader stem affects the efficiency of
initiation and have proposed that this structure serves such a
regulatory role (7).
The U5-leader stem is a potential RNA secondary struc-

ture consisting of sequences in the middle of U5 and in the
leader region adjacent to the primer-binding site (7). Muta-
tions which disrupt this structure impair reverse transcrip-
tion in infected cells, while mutations which alter the se-
quence but retain the stem structure have no effect (7).
Studies with permeabilized virions have localized the defect
to the initiation of reverse transcription. Disruption of the
U5-leader stem structure causes a decrease in incorporation
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of the first deoxynucleotides from the 3' OH terminus of the
tRNATrP primer, while the amount of the tRNATFP primer
annealed to the RNA primer-binding site is equivalent to that
found in wild-type virions (7). U5-leader stem structures also
appear to be conserved among most retrovirus families (1,
7).
The U5-leader stem of avian retroviruses is in a region of

RNA which can potentially form numerous secondary struc-
tures (14, 17). In this study we investigated whether one of
these other structures, termed the U5-inverted repeat (U5-
IR) stem (see Fig. 1A), could also affect initiation of reverse
transcription. In viral RNA, this structure is composed of an
inverted repeat sequence adjacent to the primer-binding site.
In viral DNA, the U5-IR stem falls within the U5 terminal
sequences that are recognized by the IN protein and func-
tions as a viral integration site (21, 22). Thus, mutations that
disrupt the U5-IR stem structure and alter its nucleotide
sequence could also result in defects to integration. Our data
indicate that U5-IR sequences are indeed required for both
replication functions.

MATERIALS AND METHODS

Reagents. The Klenow fragment of DNA polymerase I (4
U/4l), T4 DNA ligase (2,000 U/pul), T4 polynucleotide kinase
(10 U/pl), and various restriction enzymes were from Boehr-
inger Mannheim Biochemicals or New England Biolabs, Inc.
[cx-32P]dATP (800 Ci/mmol), [a-32P]dCTP (3,000 Ci/mmol),
and [y-32P]ATP (6,000 Ci/mmol) were from New England
Nuclear Corp. pTZ18 DNA was obtained from Pharmacia.
Thermostable DNA polymerase (Pyrostase; 4 U/,l) was
from Molecular Genetics Resources.

Construction of U5-IR viral mutants. pRCAS-B and
pRCAS-neo were generously provided by S. Hughes (Na-
tional Cancer Institute-Frederick Basic Research Facility).
pRCAS-B is the pRCAS vector (20), except that it has a
central EcoRI fragment (spanning gag and pol genes) de-
rived from a cloned Bryan high-titer Rous sarcoma virus
(RSV) genome. pRCAS-neo contains the neomycin phos-
photransferase gene inserted into the pRCAS ClaI cloning
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site. pDC1O1B was derived from pRCAS-B by deletion of
the EcoRV fragment between nucleotide 3655 (28) and
pBR322 nucleotide 189. pDC102 was constructed by diges-
tion of RCAS-neo with Sacl, partial digestion with RsrII,
formation of blunt ends with the Klenow enzyme, and
ligation to HindII-digested pTZ18. The gag-pol EcoRI frag-
ment was then replaced with that of the Bryan high-titer
clone to form pDC102B. U5 mutations were introduced into
pDC1O1B by insertion of synthetic deoxynucleotides be-
tween the RsrII and BstEII sites. All clones were confirmed
by sequencing.

Transfections were performed by the calcium phosphate
precipitation technique (27) with ligation products derived
from 7 ,ug of HpaI-digested pDC102B and 5 ,ug of HpaI-
digested pDC1O1B (or its derivatives) per semiconfluent
60-mm-diameter dish of QT6 cells. The cells were fed 1 day
after transfection and split on day 2, and selection was
initiated on day 2. Virus production was monitored by an
exogenous reverse transcriptase assay (7) with the following
modifications: the final Nonidet P-40 concentration was
0.067%, and 15 RIJ of virus was assayed per 30-,ul reaction
mixture.

Analysis of reverse transcription products in permeabilized
virions. Virus preparations and melittin reactions were as
previously described (7), except that the reaction volumes
were 30 RI. The amount of virus used in each reaction was
that which incorporated 0.5 pmol of dCTP in a 30-min
reverse transcriptase assay performed on a 1/10 dilution of
the recovered virus and supplemented with excess dCTP.
The final concentration and specific activity of [a-32P]dATP
were 2 ,uM and 330 Ci/mmol, respectively, when dATP was
present as the only deoxynucleotide, and 25 ,uM and 40
Ci/mmol, respectively, when it was used in combination with
1 mM (each) dCTP, dGTP, and dTTP. The dATP was not
rate limiting at these concentrations. The final melittin
concentration was 7.5 ,ug/ml.

Analysis of integrated viral DNA. High-molecular-weight
cellular DNA was prepared by the method of Hirt (19). The
DNA was sheared by passing it through a 21-gauge needle
several times, heated to 55°C, layered onto a gradient of 10
to 40% sucrose in 0.1 M NaCl-10 mM Tris HCI (pH 8.0)-1
mM EDTA, and spun for 16 h at 25,000 rpm in an SW28 rotor
at 4°C. Fractions containing DNA of >25 kb were combined,
precipitated with 2 volumes of ethanol, and used in polymer-
ase chain reactions (PCRs). Primers complementary to the
gag gene (nucleotides 2251 to 2270) and to the pol gene
(nucleotides 2667 to 2583) (28) were used in PCRs with the
following cycling conditions: 92°C for 2 min, 55°C for 90 s,
and then 72°C for 2 min. Amplification of pRCAS-B DNA, at
concentrations between 0.01 to 1 pg, was linear up to 25
cycles. The cell-derived DNA being analyzed for viral DNA
was thus amplified for 24 cycles as described elsewhere (23)
by using Pyrostase and a Hybaid thermal cycler. Amplified
DNA products were subjected to agarose gel electrophoresis
and transferred to nylon membranes (27), and viral DNA
sequences were detected by hybridization to [32P]dCTP-
labeled probes (2 x 109 cpm/Vig). The probes were prepared
by DNA polymerase I (Klenow fragment) extension of
primers complementary to the gag and pol genes and DNA
containing portions of these genes amplified from the viral
clone pATV8 (6).
IN protein cleavage reactions. Reactions were performed

as described previously (22).
Integrative recombination in vitro. Substrate oligodeoxy-

nucleotides representing wild-type or mutant U5 sequences

were prepared as described previously (22) and are as
follows:

U5 wild-type plus strand 5'TGAAGCAGAAGGCTTCA3'
U5 wild-type minus strand 3'TCGTCTTCCGAAGTAA5'

U5 S2 plus strand
U5 S2 minus strand

U5 S4 plus strand
U5 S4 minus strand

U5 S4C plus strand
U5 S4C minus strand

5'AGCAGAAGGCAACA3'
3'TCGTCTTCCGITGTAA5'

5'AGCAGAAGGGAAGA3'
3'TCGTCTTCCCTTCTAA5'

5'TCCAGAAGGGAAGA3'
3'A&GTCTTCCCTTCTAA5'

The underlined sequences indicate base changes from the
wild type for the S2, S4, and S4C mutations (see Fig. 1B and
C). After the plus and minus strands are annealed, the
resultant duplexes have a two-base 5' minus-strand over-
hang.

Integrative recombination reactions were carried out iri
10-,u reaction volume containing 1 pmol of each of the
duplexes shown above, 5' 32p labeled only in the plus strar.,
(105 cpm/pmol); 25 mM Tris HCl (pH 8.3); 10 mM 2-me,
captoethanol; 3 mM MgCl2; and 1 pmol of IN. The reaction
mixtures were incubated at 37°C for 90 min. The reactions
were stopped by the addition of 10 ,ul of sequencing loading
buffer (22), and the mixtures were heated to 90°C for 5 min
and analyzed on a 20% polyacrylamide-7 M urea sequencing
gel (22).

RESULTS

The RSV (Schmidt-Ruppin A) RNA sequence from nudle-
otides 55 to 131, which includes the primer-binding site and
the previously studied U5-leader stem structure (7), is shown
in Fig. 1A. This region also includes an additional secondary
structure termed the U5-IR stem. This structure comprises
the inverted repeat sequence between nucleotides 81 and 101
(U5-IR) and can potentially form a 7-bp stem with a 5-base
loop. Analyses of the RSV 5' noncoding region have indi-
cated that the U5-IR stem is thermodynamically stable and is
conserved among all members of the avian sarcoma and
leukosis retrovirus family for which sequence information is
available (1, 3, 7). This structural conservation suggests that
the U5-IR stem may have an important role in viral replica-
tion. We sought to understand this role by analyzing the
effects of mutations in the U5-IR sequence on viral replica-
tion.

Production of U5-IR mutant virus. The virus vector system
used for these studies was derived from the pRCAS-neo
vector described by Hughes et al. (20). pRCAS-neo is a
Schmidt-Ruppin A strain of RSV in which the viral src gene
is replaced by the neomycin phosphotransferase gene. Two
plasmids were derived from pRCAS-neo: pDC1O1B, which
contains the 5' half of pRCAS-neo, and pDC102B, which
contains the majority of the viral genome but lacks se-
quences 5' of the leader region Sacl site and those 3' of the
U5 region RsrII site in the downstream LTR (Fig. 2). Both of
these plasmids contain Bryan high-titer viral sequences,
which confer the high-titer growth phenotype, within por-
tions of the gag and pol genes.
To obtain virus-producer cells, pDC102B and pDC1O1B

were digested with HpaI, ligated to assemble a full-length
viral transcription unit, and transfected into quail QT-6 cells.
Cells that expressed the virus-encoded neo gene were then
selected in the presence of G418. The advantages of this
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FIG. 1. Predicted RNA secondary structures for the 5' noncoding region of wild-type and mutant RSV (Schmidt-Ruppin A) RNA near the
primer-binding site (PBS). (A) Wild-type structure. Numbers indicate nucleotides from the viral RNA 5' end. The PBS, U5-leader stem, and
U5-IR stem are indicated. (B) U5-IR stem mutations A3 and A9. The A6, A28, and S6 mutations are described in the text. They are analyzed
elsewhere (1, 6, 7). Sequence deletions are indicated by open bars; the sequence substitution is indicated by the stippled bar. (C) U5-IR stem
substitution and compensating substitution mutations S2, S2C, S4, and S4C. Sequence substitutions are boxed, and the effects of these
substitutions on the U5-IR stem structure are shown.

system are that US mutations can easily be cloned into
pDC1O1B (see Material and Methods), that transfections can
be performed without additional subcloning steps, and that
large amounts of defective virus can be produced from QT-6
cells. In addition, truncation of the downstream LTR of
pDC102B ensures that mutations introduced into the
pDC1O1B U5 region cannot undergo reversion by recombi-
nation with wild-type U5 sequences.
Three types of mutations were introduced into the U5-IR

stem: deletion mutations A3 and A9, substitution mutations
S2 and S4, and structure-compensating substitution muta-
tions S2C and S4C (Fig. 1B and C). The A3 mutation does
not disrupt the U5-IR stem but decreases the spacing be-
tween the U5-IR and U5-leader stem structures. The A9, S2,
and S4 mutations disrupt the U5-IR stem, while the S2C and
S4C mutations retain the U5-IR stem structure but alter its
sequence. We found that release of virus, as measured by
reverse transcriptase activity, from pooled producer cells
was roughly the same for the wild type and each of the
mutant viruses described above and showed no correlation
with viral growth rates (data not shown). This strongly
suggests that late replication events such as transcription,
splicing, translation, particle assembly, and budding were
not affected by the U5-IR mutations.

Analysis of viral growth rates. Viruses with each of the
mutations described above, obtained from QT-6 producer
cells, were used to measure the rate of viral growth following
infection of fresh QT-6 cells. Reverse transcriptase assays
using exogenous template primers were performed directly

on cell supernatants both to equalize the amount of virus
used for infection and to monitor the appearance of progeny
virus. Results represent the average of several infections
which had nearly identical rates of viral growth.
The substitution mutations S2 and S4 resulted in impaired

viral growth compared with the wild type (Fig. 3). The A9
and A3 deletion mutations also resulted in impaired and
delayed growth of virus (data not shown). The viruses with
structure-compensating mutations, S2C and S4C, displayed
improved growth kinetics compared to their uncompensated
S2 and S4 counterparts, but were still significantly defective
in growth compared with the wild type (Fig. 3). The differ-
ences between S2 and S2C and between S4 and S4C were
reproducibly observed in four separate kinetic virus growth
experiments. This partial restoration of growth efficiency for
S2C and S4C suggests that the U5-IR stem structure has a
role in replication that is at least partially sequence indepen-
dent. However, the delayed growth observed with viruses
containing structure-compensating mutations indicates that
there is a major sequence-dependent replication function
encoded in the U5-IR.
Each of the virus mutants analyzed in this study is only

partially defective. The eventual appearance of virus is
unlikely to be the result of genetic reversions, since the
progeny virus exhibited the same impaired-growth pheno-
type as that exhibited by virus derived from the original
producer cells (data not shown).

Analysis of reverse transcription in permeabilized virions.
We have previously shown that reverse transcription is
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FIG. 2. Strategy for production of virus containing U5 mutations. pDC1O1B (or U5 mutant derivatives) and pDC102B are digested with
HpaI; the products are ligated and transfected into QT-6 cells. (A) Structure of pDC1O1B and pDC102B. Wide bars indicate viral sequences.

Thin lines indicate prokaryotic vector sequences. The U3, R, U5, and leader (L) noncoding regions and the gag, pol, env, and neo genes are

indicated. The sizes of indicated regions of the viral genome are not to scale. ori, origin of replication. (B) Structure of the ligation product
from which both the neo gene and full-length viral RNA can be expressed.

substantially less efficient when the US-leader stem structure
is disrupted (7). This was established by analyzing the
synthesis of the initial intermediate in reverse transcription,
a 101-nucleotide cDNA (cDNA101) extending from the
tRNATrp primer to the 5' terminus of viral RNA, in melittin-
activated virions (Fig. 4E). In order to evaluate whether
mutations in the U5-IR stem also affect reverse transcrip-
tion, equal amounts of wild-type and mutant virus, deter-
mined by an exogenous reverse transcriptase assay, were

incubated with melittin and [t-32P]dATP in the presence of
dCTP, dGTP, and dTTP. cDNAs were isolated from virions
and treated with alkali to remove the covalently linked
tRNATrp, and the amount of cDNA101 was determined by
polyacrylamide gel electrophoresis (Fig. 4B). The substitu-
tion mutations S2 and S4 resulted in decreased amounts of
cDNA101 synthesized, with a larger decrease being observed
for the S2 virions. Structure-compensating mutations re-

stored the reverse transcription efficiency, with that of S4C
restored essentially to the wild-type level. Only a partial
restoration was obtained with S2C (Fig. 4B). These differ-
ences are not due to a packaging defect in S2C and S4C (see
below).
The deletion mutations A3 and A9 also resulted in reverse

transcription defects. Because of the deletion of U5 se-

quences, the cDNA products in these cases were three and
nine bases shorter than that of the wild type, respectively
(Fig. 4C). The A9 mutation resulted in barely detectable
amounts of cDNA92, while the A3 mutation resulted in
reduced levels of cDNA98 compared with the wild type.
These results correlated with the growth characteristics of
A3 and A9.
The first two deoxynucleotides incorporated onto the 3'

OH terminus of the tRNATrP primer are dAMPs (Fig. 4E).
Thus, initiation of reverse transcription can be determined
by monitoring the appearance of a dA-tRNATrP formed in
virions when [ao-32P]dATP is included in the melittin reaction
mixtures as the only deoxynucleoside triphosphate. The
relative amounts of dA-tRNATrP produced with the wild
type and each of the mutant viruses (Fig. 4A and D) were

similar to the amounts of cDNA intermediate products
obtained when all deoxynucleotides were present. These
results indicate that disruption of the U5-IR stem impairs
initiation of reverse transcription in melittin-activated viri-
ons.

Analysis of full-length double-stranded viral DNA in the
cytoplasm of cells 12 h after infection with each of the U5
mutant viruses described above yielded results parallel to
those observed in Fig. 4; the amount of viral DNA detected
by Southern blotting correlated with the amounts of strong-
stop cDNA and dA-tRNATrP produced in melittin-activated
virions (data not shown). These results cannot be explained
by a RNA packaging defect, since equal amounts of wild-
type and mutant virus (as judged by reverse transcriptase
activity measured with exogenous template primers) con-
tained equivalent amounts of viral RNA (as judged by a dot
blot assay using a labeled viral cDNA probe [data not
shown]). Taken together, these results indicate that the
U5-IR stem structure, like the U5-leader stem structure, is
necessary for efficient initiation of reverse transcription in
infected cells.

Effect of U5 mutations on integration in vivo. The in vitro
and in vivo analyses described above revealed that reverse

transcription was not defective for the S4C mutant and was

only partially defective for the S2C mutant. Since these
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FIG. 3. Viral growth rates following infection of QT-6 cells with

equal amounts of wild-type and U5-IR substitution mutant virus.
The virus was detected by assay of reverse transcriptase activity in
cell supernatants as described in Materials and Methods. O, wild-
type virus. (A) *, S2 virus; O, S2C virus. (B) A, S4 virus; A, S4C
virus.

viruses display a considerable reduction in growth efficiency
(Fig. 3), replication steps other than reverse transcription
seemed likely to be affected. We felt that integration could
be impaired in such mutants, since the S2, R2C, S4, and S4C
substitutions alter the U5 terminal sequence recognized by
the viral IN protein (22). To evaluate this possibility, the in
vivo integration efficiency for mutant virus was compared to
that of the wild type.

Equal amounts of each mutant virus (measured by reverse

transcriptase activity) were used to infect QT-6 cells, and the
high-molecular-weight Hirt pellet DNA (19), which contains
integrated provirus sequences, was extracted from cell nu-

clei after 12 h. In order to minimize the amount of contam-
inating unintegrated viral DNA, high-molecular-weight DNA
(length of >25 kb) was isolated by sucrose density gradient
centrifugation as described in Materials and Methods. Viral
DNA was then detected by amplifying a 418-bp fragment
from the pol region by the PCR technique and then hybrid-
izing the fragment by Southern blotting to a 32P-labeled viral
DNA probe. Various concentrations of pRCAS-B DNA
(0.01 to 1 pg) were amplified (Fig. 5A) in parallel reactions.
This approach is similar to that previously described for
quantitating cellular mRNA levels by PCR (27).

The amount of viral DNA detected after 24 cycles of
amplification for each of the U5 mutants is shown in Fig. 5B.
Comparison of the amount of amplified 418-bp fragment
from the wild type (Fig. 5B, lane 4) with control DNA (Fig.
SA, lane 2) indicated that approximately 0.1 pg of the former
was present before amplification. In the absence of virus
infection, amplification of a 418-bp fragment was not de-
tected (Fig. SB, lane 3). The amounts of S2, S2C, S4, S4C,
A9, and A3 proviral DNA were estimated by densitometry to
be 18, 25, 29, 44, 7, and 20% of the amount of wild-type
DNA, respectively (Fig. 5B).
A decrease in the amount of proviral DNA detected in

cells under these conditions could result from either a direct
effect upon integration or a decrease in the amount of the
linear viral DNA precursor to integration synthesized during
the early steps of viral replication. Since the S4C virus does
not display a reverse transcription defect, we estimate that
this mutation must cause more than a twofold decrease in the
efficiency of integration of viral DNA. Since the S2, S4, and
S2C mutants have defects in reverse transcription, the
decrease in integrated provirus cannot be attributed solely to
an integration defect. For example, the fivefold decrease in
viral DNA detected for the S2C mutant might result from a
three- to fourfold decrease in integration efficiency and a
1.5-fold decrease in reverse transcription efficiency (Fig. 4).
Similar combined reverse transcription and integration de-
fects are likely to occur for the S2 and S4 viruses. For the A3
and A9 viruses, the reduction in proviral DNA is likely to
result solely from defects in reverse transcription, since the
integration donor site sequences are intact in these mutants
(21, 22).

Effect of US mutations on integration in vitro. To further
define integration defects produced by U5-IR mutations,
duplex oligodeoxynucleotides corresponding to the 16 ter-
minal US bases of these mutants were evaluated for their
ability to be nicked by the viral IN protein in vitro (Fig. 6A).
Previous studies have shown that purified avian retrovirus
IN protein nicks double-stranded DNA at the in vivo viral
integration site, two bases from the U3 and U5 LTR termini
(22). In this assay, cleavage of a 5'-32P-labeled plus-strand
16-mer at a site two bases from the US terminus is monitored
by conversion to a 14-mer.

In the presence of Mg2", the S2, S4, and S4C mutations
nearly abolished the ability of the US terminal sequences to
be cleaved (Fig. 6B, lanes b, e, h, and k). However, some
14-mer product could be detected for the S4C substrate after
a longer exposure of the autoradiogram (Fig. 6B, lane n). In
the presence of Mn2 , the endonuclease activity of IN was
20 times higher than in the presence of Mg2+, but cleavage
occurred at many sites (lane c). When analyzed with Mn2 ,

cleavage of the S2 substrate was substantially reduced (lane
f). Cleavage of the S4 and S4C substrates was detected,
although the total amount of cleavage was less than with the
wild-type substrate (lanes f and i). These data indicate that
base changes in the US-IR stem decrease the efficiency of
cleavage by IN and that the two-base substitution (S2) is
more deleterious to cleavage than the four-base substitution
(S4).

Oligodeoxynucleotides can also be used to demonstrate
the joining reaction in vitro (12, 21). This is evidenced by the
appearance of oligodeoxynucleotides longer than the starting
substrate which arise by a self-integration reaction. The
substrates used in these experiments represent LTR termini
already nicked at the integration site. This allows one to
examine primarily the joining reaction, although some DNA
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cleavage also occurs and results in oligodeoxynucleotides
migrating faster than the starting substrate.
As shown in Fig. 6C, large integrative recombination

products were detected in the presence of Mg2" with the
wild type (lane 8) but not with substrates containing the S2
mutation (lane 2). Such products, however, were detected
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(o 0

Cn CN4CM *
< cn aS 3~U) c) U U) <

418 _S _ _ ~~~~~~~~418
12 3 1 2 3 4 5 6 7 8 9

FIG. 5. Quantitation of integrated wild-type and U5 mutant
provirus. (A) Amplification of a 418-bp fragment derived from the
pol gene, as described in Materials and Methods, by using pRCAS-B
DNA. Amplified DNA was analyzed on a 0.8% agarose gel and
transferred to a nylon membrane, and viral sequences were detected
by hybridization to randomly primed 32P-labeled cDNA as described
in Materials and Methods. The amounts of DNA amplified were as

follows: lane 1, 1.0 pg; lane 2, 0.1 pg; and lane 3, 0.01 pg. (B)
Chromosomal DNAs were isolated from cells 12 h after infection
with wild-type or U5 mutant viruses and used as templates for
amplification of the same 418-bp fragment. Equal amounts of
amplified DNA were analyzed on a 0.8% agarose gel as described for
panel A. The mutant viruses used for the initial infections of cells
from which the DNA was isolated are indicated above the lanes.
QT6 indicates DNA isolated from uninfected cells.

with the S4 and S4C substrates (lanes 4 and 6), but in
reduced amounts compared with the wild type. Densitomet-
ric tracing of the autoradiogram indicates that the amount of
integrative recombinant product shown by the large arrow-
head was reduced 42 and 63% for S4 and S4C, respectively.
Similar results were obtained in the presence of Mn2+ (data
not shown). Combining the in vitro results displayed in Fig.
6B and C, the S2 mutation is predicted to cause a greater
integration defect than the S4 mutation because of its se-
verely compromised nicking and joining reactions.

DISCUSSION

The experiments described above support the notion that
U5-IR sequences have roles in both reverse transcription
and integration. In viral RNA, U5-IR sequences form a
secondary structure necessary for efficient initiation of re-
verse transcription, while in DNA these sequences are
specifically recognized by IN and are required for integra-
tion. This represents an instance of a cis-acting element
possessing unrelated replication functions in its RNA and
DNA forms.
The U5-IR stem RNA secondary structure, like the U5-

leader stem, is a primary determinant for efficiency of
initiation of reverse transcription. There is a decrease in
initiation in melittin-activated virions when the U5-IR struc-
ture is disrupted and an improved reverse transcription and
growth efficiency when the U5-IR stem is restored by
compensating mutations. We cannot rule out the possibility
that the compensating mutations activated initiation inde-
pendently of the inhibitory effect of the S2 or S4 substitution
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mutation. This appears unlikely, however, since the A9
deletion disrupts the U5-IR stem structure without changing
the bases involved in the S2 and S4 mutations and also
results in an initiation defect. Additional evidence that
supports a replication role for the U5-IR stem is the conser-
vation of this structure in several retrovirus families (1).
Independent evidence supports a reverse transcription

role for U5-IR sequences in murine leukemia virus (MuLV).
Murphy and Goff (24) have shown that at least one mutation
(dlAva2) constructed in the comparable region of MuLV
RNA causes a replication defect without affecting encapsi-
dation of viral RNA. This mutation would disrupt the
equivalent of the U5-IR stem. Another mutation, dlAva3,
which would also disrupt the U5-IR in MuLV, does not have

FIG. 6. Effect of US-IR mutations on integration and IN protein
cleavage. (A) U5-terminal sequences for wild-type (WT) and U5-IR
mutant viruses are shown. Sequences represent double-stranded
oligodeoxynucleotides of 16 nucleotides in length used to assay IN
protein cleavage. Each sequence is aligned over the appropriate
column in panel B. Lowercase letters indicate base changes from the
WT. Asterisks indicate a 5'-end 32P-label on plus strands. (B)
Double-stranded oligodeoxynucleotides were incubated in the ab-
sence (lanes a, d, g, j, and m) or presence (lanes b, c, e, f, h, i, k, 1,

n, and o) of IN, with either Mg2+ (lanes a, b, d, e, g, h, i, k, m, and
n) or Mn2+ (lanes c, f, i, 1, and o) as a divalent cation. The
arrowheads indicate the major in vitro and in vivo cleavage site of
WT virus (22). Lanes labeled M display snake venom phosphodies-
terase cleavage products for each DNA substrate, and the product
sizes (in nucleotides) are shown. Lanes m through o represent a
longer exposure of lanes j through 1. (C) Analysis of integrative
recombinant products. Integrative recombination products were
analyzed as described in Materials and Methods by using 5' 32p_
labeled duplex U5 oligodeoxynucleotide LTR substrates with two-
base 5' P overhangs representing the WT (lanes 7 and 8) and the S2
(lanes 1 and 2), S4 (lanes 3 and 4), and S4C (lanes 5 and 6) mutations.
Double-stranded oligodeoxynucleotides were incubated in the ab-
sence (lanes 1, 3, 5, and 7) or presence (lanes 2, 4, 6, and 8) of IN.
S denotes the respective starting substrates. DNA products larger
than the starting substrates are indicated by the arrowheads.

any effect on replication. However, closer inspection of the
sequence in dlAva3 reveals that the potential to form an
alternative but smaller U5-IR stem exists. Thus, MuLV stem
structures may have similar roles to those demonstrated for
avian sarcoma and leukosis virus.

In viral DNA, U5-IR sequences were found to be neces-

A

B
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sary for efficient integration as well as for specific in vitro
nicking at the viral integration site by purified IN protein
(Fig. 5 and 6). These results were not unexpected, both
because mutations near the U5 terminus of other retrovi-
ruses have been shown to cause integration defects (9, 10,
25, 26) and because mutations in this region were previously
found to inhibit in vitro nicking by the avian retrovirus IN
protein (22). Furthermore, Roth et al. (26) have shown that
U5 mutations which block integration also block cleavage at
the U5 terminus in vivo. The current study indicates that the
U5-IR mutations which affect integration interfere with both
IN-catalyzed cleavage and joining reactions in vitro, but to
different extents. The S2 substitution appears to induce a
stronger defect than the S4 substitution. In the case of the
S2C virus, in which there is no defect in reverse transcrip-
tion, we speculate that the ability of this virus to replicate
and integrate in vivo (Fig. 3A and 5) might be due to
cooperative interactions between the IN protein bound to
the wild-type U3 LTR terminus and that bound to the
mutated U5 LTR terminus. Alternatively, other viral or
cellular proteins may contribute to the S2 integration effi-
ciency in vivo, or integration mediated by oligomeric forms
of viral DNA as described by Hagino-Yamagishi et al. (16)
may occur.
We have found that the S2 mutation caused greater

initiation and integration defects than the S4 mutation.
Furthermore, S4C fully restored the reverse transcription
efficiency, whereas S2C led to only a partial restoration.
These findings were unexpected, since S2C has fewer nucle-
otide substitutions than S4C and forms a U5-IR stem of
similar stability. Thus, the partial initiation defect of S2C
suggests that both the U5-IR stem structure and sequence
affect initiation. Apparently, the CTTC/GAAG U5-IR se-
quence is favored over GTTG/CAAC, which more closely
resembles the wild-type sequence, GAAG/CTTC (Fig. 1C).
We speculate that this could reflect the role of a protein that
recognizes both the U5-IR stem structure and the GAAG
sequence in either orientation in the stem. Although the
same sequence preferences are displayed by the IN protein
in in vitro cleavage and integration reactions, IN is unlikely
to be involved in initiation since it can be mutated without
affecting reverse transcription (29).
The biological consequences of the S2, S4, S2C, S4C, and

A9 mutations can be explained on the basis of either disrupt-
ing the U5-IR stem structure, thereby affecting initiation of
reverse transcription, or altering DNA sequences recognized
by the IN protein for integration. The A3 mutation is more
enigmatic. The sequences that are deleted by this mutation
are not required by IN for specific cleavage of the U5 LTR
terminus (22), nor do they appear to disturb the base pairing
or sequence of the U5-IR stem. This suggests that features in
addition to the U5-IR stem and U5-leader stem structures
are required for maximal initiation efficiency. One intriguing
possibility is that U5 sequences between the U5-leader and
U5-IR stems, namely, those substituted in the S6 mutation
(Fig. 1B), form base pairs with complementary sequences in
the TqlC loop of the tRNATrP primer, as initially proposed by
Haseltine et al. (17, 18) and supported by the experiments of
Cordell et al. (11). This appears to be the case, since in vitro
and in vivo studies indicate that this U5-primer interaction is
important for initiation of reverse transcription (1). Thus, the
A3 mutation might impair initiation of reverse transcription
by altering the spacing between the U5-leader and U5-IR
structures, thereby affecting the interactions between the
TtlC loop of the tRNATrp primer and U5. This is discussed in
more detail elsewhere (1).

Our previous analyses of a mutation that disrupts the
US-leader stem (A6 [Fig. 1B]) revealed a defect in the
initiation of reverse transcription in infected cells and in
reactions of melittin-permeabilized virions but not in reac-
tions of purified viral RNA and reverse transcriptase (7).
This raises the possibility that the US-leader and possibly the
U5-IR structures are important for signalling the initiation of
reverse transcription following infection in the context of the
highly structured virion core. The role of viral proteins in
such signalling is unclear, although it may be relevant that
initiation of poliovirus replication also is likely to require a
RNA secondary structure near the initiation site. In this
case, poliovirus genes whose products could interact with
the secondary structure in trans have been identified by
analysis of second-site revertants (2). We have isolated
second-site revertants for several of the US mutations (Sa),
and a similar analysis might identify a retrovirus gene
product that interacts with the US-leader and U5-IR stem
structures to regulate initiation of reverse transcription.
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